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Description

Field of the Invention
[0001] . This invention relates to analytical sensors for the detection of bicanalytes in a small volume sample.

Background of the Invention

[0002) Analytical sensors are useful in chemistry and medicine to determine the presence and concentration of a
biological analyte. Such sensors are needed, for example, to monitor glucose in diabetic patients and lactate during -
critical care events. For example, U.S. Pat. No. 5,120,420 discloses a biosensor having an insulatingbase board having
formed thereon, in sequence, leads an electrode system mainly made of carbon, an insulating layer and a reaction
layer composed of an enzyme and an electron aoceptor and being provided thereon with a space defined by a spacer
and a cover.

[0003] Currently available technology measures bioanalytes in relatively Iarge sample volumes e.g., generally re-
quiring 3 microliters or more of blood or other biological fluid. These fluid samples are obtained from a patient, for
example, using a needle and syringe, or by lancing a portion of the skin such as the fingertip and "milking” the area to
obtain a useful sample volume. These procedures are inconvenient for the patient, and often painful, particularly when
frequent samples are required. Less painful methods for obtaining a sample are known such as lancing the arm or
thigh, which have a lower nerve ending density. However, lancing the body in the preferred regions typically produces
submicroliter samples of blood, because these regions are not heavily supplied with near-surface capiliary vessels.
[0004] It would therefore be desirable and very usefu! to develop a relatively painless, easy to use blood analyte
sensor, capable of performing an accurate and sensitive analysis of the concentration of analytes in a small volume
of sample

Summary of the Invention

[0005] The sensors of the present inverition provide a method for the detection and quantification of an analyte in
submicroliter samples. In general, the lnventlon includes a method and sensor for analysis of an anaryte in‘a small
volume of sample, preferably by coulometry, as defined in the claims.

Brief Description of the Drawings

[0006] Referring now to the drawings, wherem like reference numerals and letters indicate correspondmg structure
throughout the several views:

Figure 1 Is a schematic view of a first émbodiment of an electrochemical sensor in accordance with the principles
of the present invention having a working electrode and a counter electrode facing each other;-

Figure 2is a schematic view of a second embodiment of an electrochemical sensor in accordance with the prlnmples
of the present invention having a working electrode and a counter electrode in a coplanar configuration;

Figure 3 is a schematic view of a third embodiment of an electrochemical sensor in accordance with the principles
of the present invention having a working electrode and a counter electrode facing each other and having an
extended sample chamber;

Figure 4 is a not-to-scale side-sectional drawing of a portion of the sensor of F|gures tor3 showmg the relative
positions of the redox mediator, the samplie chamber, and the electrodes;

Figure 5 is a top view of an embodiment of a multiple electrode sensor in accordance with the pnncxples of the
present invention;

Figure 6 is a perspective view of an embodiment of an analyte measurement device in accordance with the prin-
ciples of the present invention having a sample acquisition means and the sensor of Figure 4;

Figure 7 is a graph of the charge required to electrooxidize a known quantity of glucose in an electrolyte buffered
solution (filled circles) or serum solution {open circles) using the sensor of Figure 1 with glucose oxidase as the
second electron transfer agent;

Figure 8 is a graph of the average gluccse concentrations for the data of Figure 7 (buffered solutions only) with
calibration curves calculated to fit the averages; a linear calibration curve was calculated for the 10-20 mM con-
centrations and a second order polynomial calibration curve was calculated for the 0-10 mM concentrations;
Figure 9 is a Clarke-type clinical grid analyzing the clinical relevance of the glucose measurements of Figure 7;
Figure 10.s a graph of the charge required to electrooxidize a known quantity of glucose in an electrolyte buffered
solution using the sensor of Figure 1 with glucose dehydrogenase as the second electron transfer agent;
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Figures 11A, 11B, and 11C are top views of three embodiments of an electrochemical sensor of the present in-
vention;

Figures 12A and 12B are cross-sectional views of another embodiment of an electrochemical sensor of the present
invention formed using a recess of a base material;

Figures 13A and 13B are cross-sectional views of yet another embodiment of an electrochemical sensor or the
present invention formed in a recess of a base material; and

Figures 14A and 14B are cross-sectional view of a further embodiment of an electrochemical sensor of the present
invention formed using a recess of a base material and a sorbent material.,

Detailed Description of the Preferred Embodiment

[0007] When used herein, the following definitions define the stated term:

[0008] An “air-oxidizable mediator” is a redox mediator that is oxidized by air, preferably so that at least 90% of the
mediator is in an oxidized state upon storage in air within a useful period of time, e.g., one month or less, and, preferably,
one week or less, and, more preferably, one day or less.

[0009] A “biological fluid” is any body fluid in which the anatyte canbe measured for example blood, interstitial fluid,
dermal fluid, sweat, and tears.

[0010] The term "blood" in the context of the |nvent|on lncludes whole blood and lts cell-free components namely
plasma and serum.

[0011] "Coulometry®is the detemunatlon of charge passed or projected to pass during complete or nearly complete
electrolysis of the analyte, either directly on the electrode or through one or more electron transfer agents. The charge
is determined by measurement of charge passed during partial or nearly complete electrolysis of the analyte or, more
often, by multiple measurements during the electrolysis of a decaying current and elapsed time. The decaying current
resuits from the decline in the concentration of the electrolyzed species caused by the electrolysis.

[0012] A “counter electrode” refers to an electrode paired with the working electrode, through which passes an elec-
trochemical current equal in magnitude and opposite in sign to the current passed through the working electrode. In
the context of the invention, the term "counter electrode” is meant to include counter electrodes which also function
as reference electrodes (i.e. a counter/reference electrode).

[0013] An “electrochemical sensor” is a device configured to detect the presence and/or measure the concentration
of an analyte via electrochemical oxidation and reduction reactions on the sensor. These reactions are transduced to
an electrical signal that can be correlated to an amount or concentration of analyte. :

[0014] “Electrolysis” is the electrooxidation or e!ectroreduction of a compound either directly at an electrode or via
one or more electron transfer agents.

[0015]) The term "facing electrodes” refers to a configuration of the working and counter electrodes in which the
working surface of the working electrode is disposed in approximate opposition to a surface of the counter electrode
and where the distance between the working and counter electrodes is less than the width of the working surface of

. the working electrode.

[0016] A compound is “immobilized” on a surface when it is entrapped on or chemically bound to the surface.
[0017]  The "measurement zone" is defined herein as a region of the sample chamber sized to contain only that
portion of the sample that is to be interrogated during the analyte assay..

[0018] A "non-leachable” or "non-releasable” compound is-a compound which does not substantlally diffuse away
from the working surface of the working electrode for the duration of the analyte assay.

[0019] A “redox-mediator? is an electron transfer agent for-canrying electrons between the analyte and the workmg'
-electrode, either directly, or via a second electron transfer agent.
[0020] A "second electron transfer agent" isa molecule which carries electrons between the redox mediator and the

analyte: -

[0021] “Sorbent material’ is material whnch wicks, retains, or Is wetted by a fluid sample in its void volume and whsch
does not substantially prevent diffusion of the analyte to the electrode.

[0022] A “working electrode” is an electrode at which analyte is electrooxndlzed or electroreduced with or without the
agency of a redox mediator.

[0023] A “working surface”is that pomon of the working electrode which is coated with redox med |atorand configured
for exposure to sample.

[0024] The small volume, in vitro analyte sensors of the present invention are designed to measure the concentration
of an analyte in a portion of a sample having a volume less than about 1 pL, preferably less than about 0.5 ul., more
preferably less than about 0.2 ulL, and most preferably less than about 0.1 pL. The analyte of interest is typically
provided in a solution or biological fluid, such as blood or serum. Referring to the Drawings in general.and Figures 1-
4 in particular, a small volume, in vitro electrochemical sensor 20 of the invention generally includes a working electrode
22, a counter (or counter/reference) electrode 24, and a sample chamber 26 (see Figure 4). The sample chamber 26

. Vol .
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is configured so that when_a sample is provided in the chamber the sample is in electrolytic contact with both the
working electrode 22 and the counter electrode 24. This allows electrical current to flow between the electrodes to
effect the electrolysis (electrooxidation or electroreduction) of the analyte.

Working Electrode

[0025] The working electrode 22 may be formed from a molded carbon fiber composite or it may consist of an inert
non-conducting base material, such as polyester, upon which a suitable conducting fayer is deposited. The conducting
layer should have relatively low electrical resistance and should be electrochemically inert over the potential range of
the sensor during operation. Suitable conductors include gold, carbon, platinum, ruthenium dioxide and palladium, as
well as other non-corroding materials known to those skilled in the art. The electrode and/or conducting layers are
deposited on the surface of the inert material by methods such as vapor deposition or printing.

[0026] A tab 23 may be provided on the end of the working electrode 22 for easy connection of the electrode to
external electronics (not shown) such as a voltage source or current measuring equipment. Other known methods or
structures may be used to connect the working electrode 22 to the extemal electronics. '

Sensing Layer and Redox Mediator

[0027] A sensing layer 32 containing a non-leachable (I.e., non-releasable) redox mediator is disposed on a portion

of the working electrode 22, Preferably, there is little or no leaching of the redox mediator away from the working
electrode 22 into the sample during the measurement period, which is typically less than about 5 minutes. More pref-
erably, the redox mediators of the present invention are bound or otherwise immobilized on the working electrode 22
to prevent undesirable leaching of the mediatorintothe sample. Adiffusing or leachable (i.e., releasable) redox mediator
is not desirable when the working and counter electrodes are close together (i.e., when the electrodes are separated
by less than about 1 mm), because a large background signal is typically produced as the unbound mediator shuttles
electrons between the working and counter electrodes, rather than between the analyte and the working electrode.
This and other problems have hindered the development of low resistance cells and increased the minimum sample
size required for determination of analyte concentration. :
[0028) Application of sensing layer 32 on working electrode 22 creates a working surface on that electrode In general,
the working surface is that portion of the working electrode 22 coated with mediator and able to contact a fluid sample.

If a portion of the sensing layer 32 is covered by.a dielectric or other material, then the working surface will only be:

that portion of the electrode covered by redox mediator and exposed for contact with the sample. .

[0029] The redox mediator mediates a current between the working electrode 22 and.the analyte and enables the
electrochemical analysis of molecules which are not suited for direct electrochemical reaction on an electrode. The
mediator functions as an electron transfer agent between the electrode and the analyte. .

[0030] Almost any organic or organometallic redox species can be used as a redox mediator. In general, the preferred
redox mediators are rapidly reducible and oxidizable molecules having redox potentials a few hundred millivolts above
or below that of the standard calomel electrode (SCE), and typically not more reducing than about -100 mV and not
more oxidizing than about +400mV versus SCE. Examples of organic redox species are quinones and quinhydrones
and species that in their oxidized state have quinoid structures, such as Nile blue and indophenol. Unfortunately, some
quinones and partially oxidized quinhydrohes react with functional groups of proteins such as the thiol groups of
cysteine, the amine groups of lysiné and arginine, and the phenolic groups of tyrosine which may render those redox
species unsuitable for some of the sensors of the present invention, e.g., sensors that will be used to measure analyte
in biological fluids such as blood.

[0031] In general, mediators suitable for use in the invention have structures which prevent or substantially-reduce
the diffusional loss of redox species during the period of time that the sample is being analyzed. The preferred redox
mediators include a redox species bound to a polymer which can in turn be immobilized on the working electrode,
Useful redox mediators and methods for producing them are described in U.S. Patent Nos. 5,264,104, §,356,786;
5,262,035; and 5,320,725, herein incorporated by reference. Although, any organic or organometallic redox species
can be bound to a polymer and used as a redox mediator, the preferred redox species is a transition metal compound
or complex. The preferred transition metal compounds or complexes include osmium, ruthenium, iron, and cobalt
compounds or complexes. The most preferred are osmium compounds and complexes,

[0032] One type of non-releasable polymeric redox mediator contains a redox species covalently bound in a poly-
meric composition. An example of this type of mediator is poly(vinylferrocene)..

[0033] Altematively, a suitable non-releasable redox mediator contains an ionically-bound redox species. Typically,
these mediators include a charged polymer coupled to an oppositely charged redox species. Examples of this type of
mediator include a negatively charged polymer such as Nafion® (DuPont) coupled to a positively charged redox species
such as an osmium or ruthenium polypyridyl cation. Another example of an ionically-bound mediator is a positively

e, .



10

20

25

30

35

40

45

50

55

EP 0 958 495 B1

charged polymer such as quaternized poly(4-vinyl pyridine) or poly(1-viny! imidazole) coupied to a negatively charged
redox species such as ferricyanide or ferrocyanide.

[0034] !n another embodiment of the invention, the suitable non-releasable redox mediators include a redox species
coordinatively bound to the polymer. For example, the mediator may be formed by coordination of an osmium or cobatt
2, 2-bipyridyl complex to pofy(1-vinyl imidazole) or poly(4-vinyl pyridine).

[0035] - The preferred redox mediators are osmium transition metal complexes with one or more ligands havmg a
nitrogen-containing heterocycle such as 2,2"-bipyridine, 1,10-phenanthroline or derivatives thereof. Furthermore, the
preferred redox mediators also have one or more polymeric ligands having at least one nitrogen-containing heterocycle,
such as pyridine, imidazole, or derivatives thereof. These preferred mediators exchange electrons rapidly between
each other and the electrodes so that the complex can be rapidly oxidized and reduced.

[0036]} In particular, it has been determined that osmium cations complexed with two tigands containing 2,2-bipyri-
dine, 1,10-phenanthroline, or derivatives thereof, the two ligands not necessarily being the same, and further complexed
with a polymer having pyridine or imidazole functional groups formn particularly useful redox mediators in the small

volume sensors of the present invention. Preferred derivatives of 2,2'-bipyridine for complexation with the osmium _

cation are 4,4'-dimethyl-2,2"-bipyridine and mono-, di-, and polyalkoxy-2,2'-bipyridines, such as 4,4'-dimethoxy-2,2'-
bipyridine, where the carbon to oxygen ratio of the alkoxy groups is sufficient to retain solubility of the transition metal
complex in water. Preferred derivatives of 1,10-phenanthroline for complexation with the osmium cation are 4,7-dime-
thyl-1,10-phenanthroline and mono-,di-, and polyalkoxy-1,10-phenanthrolines, such as 4,7-dimethoxy-1,10-phenan-
throline, where the carbon to oxygen ratio of the alkoxy groups is sufficient to retain solubility of the transition metal
complex in water. Preferred polymers for complexation with the osmium cation include poly(1-vinyl lmldazole), e.g.,
PVI, and poly(4-vinyl pyridine), e.g., PVP, either alone or with a copolymer. Most preferred are redox mediators with
osmium complexed with poly(1-vinyl imidazole) alone or with a copolymer.

[0037] The preferred redox mediators have a redox potential between about - 150 mV to about +400 mV versus the
standard calomel electrode (SCE). Preferably, the potential of the redox mediator is between about -100 mV and +100
mV and more preferably, the potential is between about -50 mV and +50 mV. The most preferred redox mediators have
osmium redox centers and a redox potential more negative than +100 mV versus SCE, more preferably the redox
potential is more negative than +50 mV versus SCE, and most preferably is near -50 mV versus SCE.

[0038] 1tis also preferred that the redox mediators of the inventive sensors be air-oxidizable. This means that the
redox mediator is oxidized by air, preferably so that at least 90% of the mediator is in an oxidized state prior to intro-
duction of sample into the sensor. Air-oxidizable redox mediators include osmium cations complexed with two mono-,
di-, or polyalkoxy-2,2"-bipyridine or mono-, di-, or polyalkoxy-1,10-phenanthroline ligands, the two ligands not neces-
sarily being the same, and further complexed with polymers having pyridine and imidazole functional groups. In par-
ticular, Os[4,4'-dimethoxy-2,2"-bipyridine],Ci+/+2 complexed with poly(4-vinyl pyridine) or poly(1-vinyl lmldazole) attains
approximately 80% or more oxidation in air.

[0039] In a preferred embodiment of the invention, the sensing Iayer 32 includes a second electron transfer agent
which is capable of transferring electrons to or from the redox mediator and the analyte. One example of a suitable
second electron transfer agent is an enzyme which catalyzes a reaction of the analyte. For example, a glucose oxidase

or glucose dehydrogenase, such_as pyrrologuinoline quinone glucose dehydrogenase (PQQ), is used when the analyte

is glucose. A lactate oxidase fills this role when the analyte is lactate. These enzymes catalyze the electrolysis of an
analyte by transferring electrons between the analyte and the electrode via the redox mediator. Preferably, the second

electron transfer agent is non-leachable, and more preferably immobilized on the electrode, to prevent unwanted leach- -

ing of the agent into the sample. This is accomplished, for example, by cross linking the second electron transfer agent
with the redox mediator, thereby providing a sensing layer with non-leachable componentsl .

[0040] To prevent electrochemical reactions from occurring on portions of the working electrode not coated by the
mediator, a dielectric 40 may be deposited on the electrode over, under, or surrounding the region with the bound redox
mediator, as shown in Figure 4. Suitable dielectric materials include waxes and non-conducting organic polymers such
as polyethylene. Dielectric 40 may also cover a portion of the redox mediator on the electrode. The covered portion of
the mediator will not contact the sample, and, therefore, will not be a part of the electrode’s working surface.

Counter Electrode

[0041] Counter electrode 24 may be constructed in a manner similar to working electrode 22. Counter electrode 24
may also be a counter/reference electrode. Alternatively, a separate reference electrode may be provided in contact
with the sample chamber. Suitable materials for the counter/reference or reference electrode include Ag/AgCl printed
on a non-conducting base material or silver chloride on a silver metal base. If the counter electrode is not a reference
electrode, the same materials and methods may be usedto make the counter electrode as are available for constructing
the working electrode 22, however, no redox mediator is immobilized on the counter or counter/reference electrode
24. A tab 25 may be provided on the electrode for convenient connection to the external electronics (not shown), such

.
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as a coulometer or other measuring device. :

[0042] In one embodiment of the invention, working electrode 22 and counter electrode 24 are dlsposed opposite to
and facing each other to form a facing electrode pair as depicted in Figures 1 and 3. In this preferred configuration,
the sample chamber 26 is typically disposed between the two electrodes. For this facing electrode configuration, it is
preferred that the electrodes are separated by a distance of less than about 0.2mm, preferably less than 0.4 mm, and
most preferably less than 0.05 mm.

[0043] The electrodes need not be directly opposing each other, they may be slightly offset. Furthermore, the two
electrodes need not be the same size. Preferably, the counter electrode 24 is at least as large as the working surface
of the working electrode 22. The counter electrode 22 can also beformedwith tines in a comb shape. Other configuration ‘
of both the counter electrode and working electrode are within the scope of the invention. However, the separation
distance between any portion of the working electrode and some pomon of the counter electrode preferably does not
exceed the limits specified hereinabove.

[0044] Figures 11A, 11B, and 11C illustrate different embodlmems of pairs of facing electrodes 22, 24, as described
above. A region 21 of overlap between the two electrodes 22, 24 typically corresponds to the measurement zone in
which the sample will be interrogated. Each of the electrodes 22, 24 is a conducting surface and acts as a plate of a
capacitor. The measurement zone between the electrodes 22, 24 acts as a dielectric layer between the plates. Thus,
there is a capacitance between the two electrodes 22, 24. This capacitance is a function of the size of the overlapping
electrodes 22, 24, the separation between the electrodes 22, 24, and the dielectric constant of the material between
the electrodes 22,24, Thus, if the size of the region 21 of the overlapping electrodes 22, 24 and the dielectric constant
of the material between the electrodes (e.g., air or a sorbent material) are known, then the separation between the
electrodes can be calculated to determine the volume of the measurement zone.

[0045] Figure 11A illustrates one embodiment of the invention in which the electrodes 22, 24 are positioned in a
facing arrangement. For the capacitance to be uniform among similarly constructed analyte sensors having this par-
ticular sensor configuration, the registration (i.e., the positioning of the two electrodes relative to one another) should
be uniform. If the position of either of the electrodes is shifted in the x-y plane from the position shown in Figure 11A,
the size of the overlap, and therefore, of the capacitance, will change. The same principle holds for the volume of the .
measurement zone.

[0046] Figures 11B and 11C illustrate other embodiments of the invention with electrodes 22, 24 in a facing arrange-
ment. In these particular arrangements, the position of either of the electrodes may be shifted, by at least some minimum
distance, in the x-y plane relative to the other electrode without a change in the capacitance or the volume of the
measurement zone. In these electrode arrangements, each electrode 22, 24 includes an arm 122, 124, respectively,
which overlaps with the corresponding arm of the other electrode. The two arms 122, 124 are not parallel to each other
(such as illustrated in Figure 11A); rather, the arms 122, 124 are disposed at an angle 123, which is greater than zero,
relative to each other. In addition, the two arms 122, 124 extend beyond the region 21 of overlap (i.e., each atm has -
extra length corresponding to the difference between the length of the arm 222, 224, respectively, and the width 121
of the overlap 21). With these electrode arrangements, there can be a certain amount of allowed imprecision in the .
registration of the electrodes 22, 24 which does not change the capacitance of the electrode arrangement. A desired
amount of allowed imprecision in the registration can be designed into the electrode arrangement by varying the angle
123 at which the arms 122, 124 overlap and the size of the extra length of each am 122, 124 relative to the width 121
of the region 21 of overlap. Typically, the closer that the arms 122, 124 are to being perpendicular (i.e., angle 123 is
90°), the greater the allowed imprecision. Also, the greater the extra length of each arm 122, 124 (which may both be
the same length or different lengths) relative to the width 121 of the region 21 of overlap, the greater the allowed
imprecision. Conversely, the greater the amount of allowed imprecision, the larger the size of the electrodes (for a
given electrode width, thickness, and angle 123 of intersection with the other electrode). Thus, the minimum distance
that one electrode can be shifted relative to the other is balanced against the amount of material needed for the elec-
trodes. Typically, the angle 123 of intersection ranges from 5 to 90 degrees, preferably, 30 to 90 degrees, and more
preferably 60 to 90 degrees. Typically, the ratio of the extra length of an arm 122, 124 (corresponding to the difference
between the arm length 222, 224 and the width 121 of the region 21 of overiap) versus the width 121 of the region 21
of overlap ranges from 0.1:1 to 50:1, preferably 1:1 to 15:1, and more preferably 4:1to 10:1.

[0047] In another embodiment of the invention, the two electrodes 22, 24 are coplanar as shown in Figure 2. In this
case, the sample chamber 26 is in contact with both electrodes and is bounded on the side opposite the electrodes
by a non-conducting inert base 30. Suitable materials for the inert base include non-conductmg materials such as
polyester.

[0048] Other configurations of the inventive sensors are also possible. For example, the two electrodes may be
formed on surfaces that make an angle to each other. One such configuration would have the electrodes on surfaces
that form a right angle. Another possible configuration has the electrodes on a curved surface such as the interior of
atube. The working and counter electrodes may be arranged so that they face each other from opposite sides of the
tube. This is another example of a facing electrode pair. Alternatively, the electrodes may be placed near each other
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on the tube wall (e.g., one on top of the other or side-by-side).

[0049] In any configuration, the two electrodes must be configured so that they do not make direct electrical contact
with each other, to prevent shorting of the electrochemical sensor. This may be difficult to avoid when the facmg elec-
trodes having a short (less than about 100um) distance between them.

[0050] A spacer 28 can be used to keep the electrodes apart when the electrodes face each other as depicted in
Figures 1 and 3. The spacer is typically constructed from an inert non-conducting material such as polyester, Mylar™,
Kevlar™ or any other strong, thin polymer film, or, alternatively, a thin polymer film such as a Teflon™ film, chosen for
its chemical inertness. In addition to preventing contact between the electrodes, the spacer 28 often functions as a
pomon of the boundary for the sample chamber 26 as shown in Figures 1-4.

Sample Chamber
[0051] The sample chamber 26 is typically defined by a combination of the electrodes 22, 24, an inert base 30, and

a spacer 28 as shown in Figures 1-4. A measurement zone is contained within this sample chamber and is the region
of the sample chamber that contains only that portion of the sample that is interrogated during the analyte assay. In

the embodiment of the invention illustrated in Figures 1 and 2, sample chamber 26 is the space between the two.

electrodes 22, 24 and/or the inert base 30. In this embodiment, the sample chamber has a volume that is preferably
less than about 1 uL, more preferably less than about 0.5 pL, and most preferably less than about 0.2 pL. In-the
embodiment of the invention depicted in Figures 1 and 2 the measurement zone has a volume that is approximately
equal to the volume of the sample chamber.

[0052] In another embodiment of the invention, shown in Figure 3, sample chamber 26 includes much more space '

than the region proximate electrodes 22, 24. This configuration makes it possible to provide multiple electrodes in
contact with one or more sample chambers, as shown in Figure 5. In this embediment, sample chamber 26 is preferably
sized to contain a volume of less than about 1 pul, more preferably less than about 0.5 pL, and most preferably less
than about 0.2 L. The measurement zone (l.e., the region containing the volume of sample to be interrogated) is
generally sized to contain a volume of sample of less than about 1 pL., preferably less than about 0.5 pL., more preferably
less than about 0.2 pl, and most preferabiy less than about 0.1 pl.. One particularly useful configuration of this em-
bodiment positions working electrode 22 and counter electrode 24 facing each other, as shown in Figure 3. In this
embodiment, the measurement zone, corresponding to the region containing the portion of the sample which will be
interrogated, is the portion of sample chamber 26 bounded by the working surface of the working electrode and disposed
bétween the two facing electrodes. When the surface of the working electrode is not entirely covered by redox mediator,
the measurement zone is the space between the two facing electrodes that has a surface area corresponding to the
working surface (i.e., redox mediator-covered surface) of working electrode 22 and a thickness corresponding to the
separation distance between working electrode 22 and counter electrode 24.

[0053] In both of the embodiments discussed above, the thickness of the sample chamber and of the measurement
zone correspond typically to the thickness of spacer 28 (e.g., the distance between the electrodes in Figures 1 and 3,

or the distance between the electrodes and the inert base in Figure 2). Preferably, this thickness is small to promote

rapid electrolysis of the analyte, as more of the sample will be in contact with the electrode surface for a given sample .

volume. In addition, a thin sample chamber helps to reduce errors from diffusion of analyte into the measurement zone
from other portions of the sample chamber during the analyte assay, because diffusion time is long relative to the

measurement time. Typically, the thickness of the sample chamber is less than about 0.2 mm. Preferably, the thickness

of the sample chamber is less than about 0.1 mm and, more preferably, the thickness of the sample chamber is about
0.05 mm or less.

[0054] The sample chamber may be formed by other methods. Exemplary methods include embossmg, indenting,
or otherwise forming a recess in a substrate within which either the working electrode 22 or counter electrode 24 is
formed. Figures 12A and 12B illustrate one embodiment of this structure. First, a conducting fayer 100 is formed on
an inert non-conducting base material 102. As described above, the conducting iayer 100 can include gold, carbon,
platinum, ruthenium dioxide, palladium, or other non-corroding materials. The inert non-conducting base material 102
can be made using a polyester, other polymers, or other non-conducting, deformable materials. A recess 104 is then
formed in a region of the non-conducting base material 102 so that at least a portion of the conducting layer 100 is
included inthe recess 104. The recess 104 may be formed using a variety of techniques including indenting, deforming,
or otherwise pushing in the base material 102. One additional exemplary method for forming the recess includes em-
bossing the base material 102. For example, the base material 102 may be brought into contact with an.embossing
rolt or stamp having raised portions, such as punch members or channels, to form the recess 104. In some embodi-
ments, the base material 102 may be heated to soften the material.

[0055] The recess 104 may be circular, oval, rectangular, or any other regular or irregular shape. Alternatively, the
recess 104 may be formed as a channel which extends along a portion of the base material 102. The conducting layer
100 may extend along the entire channel or only a portion of the channel. The measurement zone may be restricted
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to a particular region within the channel by, for example, depositing the sensing layer 32 on only that portion of the
conducting layer 100 within the particular region of the channel. Alternatively, the measurement zone may be defined
by placing a second electrode 107 over only the desired region of the first electrode 105.

[0056] At least a portion, and in some cases, all, of the conducting layer 100 is situated in the recess 104. This portion
of the conducting layer 100 may act as a first electrode 105 (a counter electrode or, preferably, a working electrode).
If the conducting layer 100 forms the working electrode, then a sensing layer 32 may be formed over a portion of the
conducting layer 100 by depositing the non-leachable mediator and optiona! second electron transfer agent in the
recess 104, as shown in Figure 12B. A second electrode 107 is then formed by depositing a second conducting layer
on a second base material 106. This second electrode 107 is then positioned over the first electrode 105 in a facing
arrangement. Although not illustrated, it will be understood that if the first electrode 105 were to function as a counter
electrode, then the sensing layer 32 would be deposited on the second electrode 107 which would then function as
the working electrode.

{0057] Inone embodiment, the second base material 108 rests on a portion of the first base material 102 and/or the
conducing layer 100 which is not depressed, so that the second electrode 107 extends into the recess. In ancther
embodiment, there s a spacer {not shown) between the first and second base materials 102, 108. In this embodiment,
the second electrode 107 may or may not exiend into the recess. In any case, the first and second electrodes 105
107 do not make contact, otherwise the two electrodes would be shorted.

[0058] - The depth of the recess 104 and the volume of the conductive layer 100, sensing layer 32, and the portion,
if any, of the second electrode 107 in the recess 104 determines the volume of the measurement zone. Thus, the
predlctabllrty of the volume of the measurement zone relies on the extent to which the formation of the recess 104 is
uniform.

[0059] In addition to the conducting layer 100, a sorbent layer 103, described in detail below, may be deposited on
the base material 102 prior to forming the recess 104, as shown in Figure 14A. The sorbent material 103 may be
indented, embossed, or otherwise deformed with the conducting layer 100 and base material 102, as shown in Figure
14B. Alternatively, the sorbent material 103 may be deposited after the conducting layer 100 and base material 102
are indented, embossed, or otherwise deformed to make the recess 104. ,

[0060] In another exemplary method for forming the analyte sensor. A recess 114 in formed in a first base material
112, as shown in Figures 13A and 13B. The recess may be formed by indenting, embossing, etching (e.g., using
photolithographic methods or laser removal of a portion of the base material), or otherwise deforming or removing a-
portion of the base material 112. Then a first conducting layer 110is formed in the recess 114. Any of the conductive
materials discussed above may be used. A preferred material is a conductive ink, such as a conductive carbon ink
available, forexample, from Ercon, Inc. (Wareham, MA). The conductive ink typically contains metal or carbon dissolved-
or dispersed in a solvent or dispersant. When the solvent or dispersant is removed, the metal or carbon forms a con-
ductive layer 110 that can then be used as a first electrode 115. A second electrode 117 can be formed on a second .
base material 116 and positioned over the recess 114, as described above. In some embodiments, & sensing layer 32 -
is formed on the first electrode 115 to form a working electrode, as shown in Figure 13B. In other embodiments, the
sensing layer 32 may be formed on the second electrode 117 to form a working electrode. Furthermore, a sorbent
material (not shown) may be formed within the recess, for example, on the first electrode 115.

[0061] - - A binder, such as a polyurethane resin, cellulose derivative, elastomer (¢.g., silicones, polymeric dienes, or
acrylonitrile-butadiene-styrene (ABS) resins), highly fluorinated polymers, or the like, may also be included in the con-
ductive Ink. Curing the binder may increase the conductivity of the conductive layer 110, however, curing is not nec-
essary. The method of curing the binder may depend on the nature of the particular binder that is used. Some binders
are cured by heat and/or ultraviolet light.

[0062] . These structures allow for the formation of electrochemical sensors in which the volume of the measurement
zone depends, at least in part, on the accuracy and reproducibility of the recess 104. Embossing, laser etching, pho-
tolithographic etching and other methods can be used to make reproducible recesses 104, even on the scale of 200
um or less. -

Sorbent Material

[0063] The sample chamber may be empty before the sample is placed in the chamber. Alternatively, the sample
chamber may include a sorbent material 34 to sorb and hold a fluid sample during the measurement process. Suitable
sorbent materials include polyester, nylon, cellulose,. and cellulose derivatives such as nitrocellulose. The sorbent
material facilitates the uptake of small volume samples by a wicking action which may complement or, preferably,
replace any capillary action of the sample chamber.

"[0064] In some embodiments, the sorbent materia!l is deposited using a liquid or slurry in which the sorbent material

is dissolved or dispersed. The solvent or dispersant in the fiquid or slurry maythen be driven off by heating or evaporation
processes. Suitable sorbent materials include, for example, cellulose or nylon powders dissolved or dispersed in a



10

15

20

25

30

35

40

45

50

55

EP 0 958 495 B1

suitable solvent or dispersant, such as water. The particular solvent or dispersant should also be compatible with the
material of the working electrode 22 (e.g., the solvent or dispersant should not dissolve the electrode.)

[0065] One of the most important functions of the sorbent material is to reduce the volume of fluid needed to fill the
sample chamber and corresponding measurement zone of the sensor. The actual volume of sample within the meas-
urement zoneis partially determinedby the amount of void space within the sorbent material. Typically, suitable sorbents
consist of about 5% to about 50% void space Preferably, the sorbent material consists of about 10% to ‘about 25%
void space.

[0066] The displacement of fiuid by the sorbent material is advantageous. By addition of a sorbent, less sample is
needed to fill sample chamber 26. This reduces the volume of sample that is required to obtain a measurement and
also reduces the time required to electrolyze the sample. .

[0067} The sorbent material 34 may include a tab 33 which is made of the same material as the sorbent and which
extends from the sensor, or from an opening in the sensor, so that a sample may be brought into conlact with tab 33,
sorbed by the tab, and conveyed into the sample chamber 26 by the wicking action of the sorbent material 34. This
provides a preferred methed for directing the sample into the sample chamber 26. For example, the sensor may be
brought into contact with a region of an animal (including human) that has been pierced with a lancet to draw blood.
The blood is brought in contact with tab 33 and drawn into sample chamber 26 by the wicking. action of the sorbent
34. The direct transfer of the sample to the sensor is especially important when the sample is very small, such as when
the lancet is used to pierce a portion of the animal that is not heavily supplied with near-surface capillary vessels and
furnishes a blood sample volume of less than 1 pL.

[0068] Methods other than the wicking action of a sorbent may be used to transport the sample into the sample
chamber or measurement zone. Examples of such means for transport include the application of pressure on a sample

to push it into the sample chamber, the creation of a vacuum by a pump or other vacuum-producing means in the .

sample chamber to pull the sample into the chamber, capillary action due to interfacial tension of the sample with the
walls of a thin sample chamber, as well as the wicking action of a sorbent material.

[0069] = The sensor can also be used in conjunction with a flowing sample stream. In this configuration, the sample
stream is made to flow through a sample chamber. The flow is stopped pericdically and the concentration of the analyte
is determined by electrochemical method, such as coulometry. After the measurement, the flow is resumed, thereby
removing.the sample from the sensor. Alternatively, sample may flow through the chamber at a very slow rate, such

that all of the analyte is electrolyzed in transit, yielding a current dependent only upon analyte concentrat;on and flow .

rate.

[0070] Other filler materials may be used to fill the measurement zone and reduce the sample volume. For example
glass beads can be deposited In the measurement zone to occupy space. Preferably, these filler materials are hy-
drophilic so that the body fluid can easily flow into the measurement zone. In some cases, such as glass.beads with
a high surface area, these filler materials may also wick the body fluid into the measurement zone due to their high
surface area and hydrophilicity.

[0071] The entire sensor assembly Is held firmly together to ensure that the sample remains in contact with the
electrodes and that the sample chamber and measurement zone maintain the same volume. This is an important
consideration in the coulometric analysis of a sample, where measurement of a defined $ample volume is needed.
One method of holding the sensor together is depicted in Figures 1 and 2, Two plates 38 are provided at opposite ends
of the sensor. These plates are typically constructed of non-conducting materials such as plastics. The plates are
designed so that they can be held together with the sensor between the two plates. Suitable holding devnces mclude
adhesives, clamps nuts and bolts, screws, and the like.

Integrated Sample Acqulsitlon and Analyte Measurement Device

[0072] Ina preferred embodlment of the invention, an analyte measurement device 52 constructed according to the
principles of the presentinvention includes a sensor 20, as described hereinabove, combined with a sample acquisition
means 50 to provide an integrated sampling and measurement device. The sample acquisition means 50 illustrated
in Figure 6, includes, for example, a skin piercing member 54, such as a lancet, attached 1o a resilient deflectable strip
56 (or other similar device, such as a spring) which may be pushed to inject the lancet into a patient's skln to cause
blood flow.

[0073] The resilient strip 56 is then released and the skin piercing member 54 retracts. Blood flowing from the area
of skin pierced by member 54 can then be transported, for example, by the wicking action of sorbent material 34, into
sensor 20 for analysis of the analyte. The analyte measurement device 52 may then be placed in a reader, not shown,
which connects a coulometer or other electrochemical analysis equnpment to the electrode tabs 23, 25 to determine
the concentration of the analyte by electroanalytical means.
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Operation of the Sensor

[0074] An electrochemical sensor of the invention is operated in the following manner. A potential is applied across
the working and counter electrodes. The magnitude of the required potential is dependent on the redox mediator. The
potential at an electrode where the analyte is electrolyzed is typically large enough to drive the electrochemical reaction
to or near completion, but the magnitude of the potential is, preferably, not large enough to induce significant electro-
chemical reaction of interferents, such as urate, ascorbate, and acetaminophen, that may affect the current measure-
ments. Typically the potential is between about -150 mV and about +400 mV versus the standard calomel electrode
(SCE). Preferably, the potential of the redox mediator is between about -100 mV ‘and +100 mV and, more preferably,
the potentlal is between about -50 mV and +50 mV.

[0075] The potential may be applied either before or after the sample has been placed in the sample chamber. The-
potential is preferably applied after the sample has come to rest in the sample chamber to prevent electrolysxs of sample
passing through the measurement zone as the sample chamber is filling. When the potential is applied and the sample
is in the measurement zone, an electrical current will flow between the working electrode and the counter electrode.
The cument is a result of the electrolysis of the analyte in the sample. This electrochemical reaction occurs via the
redox mediator and the optional second electron transfer agent. For many biomolecules, B, the process is described
by the followmg reactlon equations:

nA(ox) + B —SIHME  nA(red), + C (h

nA(red) — nA(ox) + ne’ @)

Biochemical B is oxidized toCby redox mediator species Ain the presence of an appropriate enzyme. Then the redox
mediator Ais ox:dlzed atthe electrode. Electrons are collected by the electrode and the resulting current is meastired.
[0076] Asan example one sensor of the present invention is based on the reaction of a glucose molecule with two
non-leachable ferricyanide anions in the presence of glucose oxidase to produce two non-leachable ferrocyanide an-
ions, two protons and gluconolactone The amount of glucose presentis assayed by electrooxidizing the non- Ieachable
ferrocyanlde anions to non-leachable femcyanlde anions and measuring the total charge passed.

[0077] Those skilled in the art will recognize that there are many different reaction mechanisms that will achieve the
same result; namely the electrolysis of an analyte through a reaction pathway incorporating a redox mediator. Equatnons

«(1) and (2) are a non-limiting example of such a reaction.

[0078] - Ina preferred embodiment of the invention, coulometry is used to determine the concentration of the analyte.
This measurement technique utilizes current measurements obtained at intervals over the course of the assay, to

determine analyte concentration. These cu rrent measurements are ‘integrated overtime to obtain the amouint of charge,
Q, passed to or fromthe electrode Qisthen used to calculate the concentration of the analyte by the fotlowing equatlon

{analyte] = Q/nFV ' . S ®

where n is the number of electron equivalents required to electrolyze the analyte, F is Faraday's constant (approximately
96,500 coulombs per equivalent), and V is the volume of sample in the measurement zone.

[0079]' In one embodiment of the invention, the analyte is completely or nearly completely electrolyzed. The charge
is then calculated from current measurements made during the electrochemical reaction and the concentration of the
analyte is determined using equation (3). The completion of the electrochemical reaction is typically sngnaled when the
current reaches a steady-state value. This indicates that all or nearly all of the analyte has been electrolyzed. For this
type of measurement, at least 90% of the analyte is typically electrolyzed, preferably, at least 95% of the analyte is
electrolyzed and, more preferably, at least 99% of the analyte is electrolyzed.

[0080] For this method it is desirable that the analyte be electrolyzed quickly. The speed of the electrochemical
reaction depends on several factors, including the potential that is applied between the electrodes and the kinetics of
reactions (1) and (2). (Other significant factors include the size of the measurement zone and the presence of sorbent
in the measurement zone.) In general, the larger the potential, the larger the current through the cell (up to a transport
limited maximum) and therefore, the faster the reaction will typically occur. However, if the potential is too large, other
electrochemical reactions may introduce significant error in the measurement. Typically, the potential between the
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electrodes as well as the specific redox mediator and optional second electron transfer agent are chosen so that the
analyte will be almost completely electrolyzed in less than 5§ minutes, based on the expected concentration of the

analyte in the sample. Preferably, the analyte will be almost completely electrolyzed within about 2 minutes and, more .

preferably, within about 1 minute.

[0081] In another embodiment of the invention, the analyte is only partially electrolyzed. The current is measured
during the partial reaction and then extrapolated using mathematical techniques known to those skilled in the art to
determine the current curve for the complete or nearly complete electrolysis of the analyte. Integration of this curve
yields the amount of charge that would be passed if the analyte were completely or nearly completely electrolyzed
and, using equation (3), the concentration of the analyte is calculated.

[0082] The above described methods are based on coulometric analyses, due to the advantages of coulometric
measurements, as described hereinbelow. However, those skilled in the art will recognize that a sensor of the invention
may also ulilize potentiometric, amperometric, voltammetric, and other electrochemical techniques to determine the
concentration of an analyte in a sample. There are, however, disadvantages to using some of these techniques. The
measurements obtained by these non-coulometric methods are not temperature independent as the current and po-
tential obtained by the electrolysis of an analyte on an electrode is very sensitive to sample temperature. This presents
a problem for the calibration of -a sensor which will be used to measure bioanalytes and other samples at unknown or
vanable temperatures.

[0083] In addition, the measurements obtained by these non-coulometric electrochemical techniques are sensitive
to the amount of enzyme provided in the sensor. If the enzyme deactivates or decays over time, the resulting meas-
urements will be affected. This will limit the shelf life of such sensors unless the enzyme is very stable.

[0084] Finally, the measurements obtained by non-coulometric electrochemical techniques such as amperometry
will be negatively affected if a substantial portion of the analyte is electrolyzed during the measurement period. An
accurate steady-state measurement can not be obtained Unless there is sufficient analyte so that only a relatively small
portion of the analyte is electrolyzed during the measurement process.

[0085] * The electrochemical technique of coulometry overcomes these problems. Coulometry is a method for deter-

rentbetween the working electrode anda counter electrode attwo or more times duringthe electrolysis. The electrolysis
is complete when the current reaches a steady state. The charge used to electrolyze the sample is then calculated by
integrating the measured currents over time. Because the charge is directly related to the amount of analyte in the
sample there is no temperature dependence of the measurement. In addition, the activity of the redox mediator does
not affect the value of the measurement, but only the time required to obtain the measurement (i.e., less active redox
mediator requires a longer time to achieve complete electrolysis of the sample) so that decay of the mediator over time
will not render the analyte concentration determination inaccurate. And finally, the depletion of the analyte in the sample
by electrolysis is not a source of error, but rather the objective of the technique. (However, the analyte need not be
completely electrolyzed if the electrolysls curve is extrapolated from the partial electrolysus curve based on well-known
electrochemical principles.)

[0086] - For coulometry to be an effective measurement technique for determining the concentration of an analyte in
a sample, it is necessary to accurately determine the volume of the measured sample. Unfortunately, the volume of
the sample in the measurement zone of a smail volume sensor (i.e., less than one microliter) may be difficult to accu-
rately determine because the manufacturing tolerances of one or more dlmensmns of the measurement zone may
have S|gn|f|cant vanances :

Alr-oxidlzable Redox Mediators -

[0087] Another source of error in a coulometric sensor is the presence of electrochemical reactions other than those
associated with the analyte. In a sensor having a redox mediator, a potential source of measurement error is the
presence of redox mediator in an unknown mixed oxidation state (i.e., mediator not reproducibly in a known oxidation
state). Redox mediator will then be electrolyzed at the electrode, not in response to the presence of an analyte, but
simply due to its initial oxidation state. Referring to equations (1) and (2), current not attributable to the oxidation of
biochemical B will flow due to oxidation of a portion of a redox mediator, A, that is in its reduced form prior to the addition
of the sample. Thus, it is important to know the oxidation state of the analyte prior to introduction of the sample into

the sensor. Furthemmore, it is desirable that all or nearly all of the redox mediator be in a single oxidation state prior to”

the introduction of the sample into the sensor. /

[0088] Each redox mediator has a reduced form or state and an oxidized form or state. In one aspect of the invention,
itis preferred that the amount of redox mediator in the reduced form prior to the introduction of sample be significantly
smailler than the expected amount of analyte in a sample in order to avoid a significant background contribution to the
measured current. in this embodiment of the invention, the molar amount of redox mediator in the reduced form prior

1

- miningthe amount of charge passed or projected to pass during complete or nearly complete electrolysis of the analyte. -
. One coulometric technique involves electrolyzing the analyte on a working electrode and measuring the resulting cur-
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to the introduction of the analyte is preferably less than, on a stoichiometric basis, about 10%, and more preferably
less than about 5%, and most preferably less than 1%, of the molar amount of analyte for expected analyte concen-

trations. (The molar amounts of analyte and redox mediator should be compared based on the stoichiometry of the -

applicable redox reaction so that if two moles of redox mediator are needed to electrolyze one mole of analyte, then
the molar amount of redox mediator in the reduced form prior to introduction of the analyte is preferably less than 20%
and more preferably less than about 10% and most preferably less than about 2% of the molar amount of analyte for
expected analyte concentrations.) Methods for controlling the amount of reduced mediator are discussed below.

[0089] In another aspect of the invention, it is preferred that the relative ratio of oxidized redox mediator to reduced

redox mediator prior to introduction of the sample in the sensor be relatively constant between similarly constructed '

sensors. The degree of variation in this ratio between similarly constructed sensors will negatively affect the use of a
calibration curve to account for the reduced mediator, as significant variations between sensors will make the calibration
less reliable. For this aspect of the invention, the percentage of the redox mediator in the reduced form prior to intro-
duction of the sample in the sensor varies by less than about 20% and preferably less than about 10% between sumxlarty
constructed sensors,

[0090] One method of controlling the amount of reduced redox medlator prior to the introduction of the sample in the
sensor is to provide an oxidizer to oxidize the reduced form of the mediator. One of the most convenient oxidizers is
0O,. Oxygen is usually readily available to perform this oxidizing function. Oxygen can bs supplied by exposing the
sensor to air. In addition, most polymers andfluids absorb O, from the air unless special precautions are taken. Typically,
at least 90% of an air-oxidizable (i.e., O, oxidizable) mediator is in the oxidized state upon storage or exposure to air
for a useful penod of time, e.g., one month or less, and preferably, one week or less, and, more preferably, one day or
less.

[0091] Suitable mediators which are both air-oxidizable (i.e., O, -oxidizable) and have electron transfer capabilities:
have been described hereinabove. One particular family of useful mediators are osmium complexes which are coor-
dinated or bound to ligands with one or more nitrogen-containing heterocycles. In particular, osmium complexed with
mono-, di-, and polyalkoxy-2, 2-bipyridine or mono-, di-, and polyatkoxy-1,10-phenanthrofine, where the alkoxy groups
have a carbon to oxygen ratio sufficient to retain solubility in water, are air-oxidizable. These osmium complexes typ-
ically have two substituted bipyridine or substituted phenanthroline ligands, the two ligands not necessarily being iden-
tical. These osmium complexes are further complexed with a polymeric figand with one or more nitrogen-containing
heterocycles, such as pyridine and imidazole. Preferred polymeric ligands include poly(4-vinyl pyridine) and, more
preferably; poly(1-vinyl imidazole) or copolymers thereof. Os[4,4'-dimethoxy-2,2"-bipyridine],CI*+2 complexed with a
poly(1-vinyl imidazole) or poly(4-viny! pyridine) has been shown to be particularly useful as the Os+2 cation is oxidizable
by O, to Os*3, Similar results are expected for complexes of Os[4,7-dimethoxy-1,10- phenanthrol1ne]20|+’+2 and other
mono-, di-, and polyalkoxy bipyridines and phenanthrolines, with the same polymers. :
[0092] A complication associated with air-oxidizable mediators arises if the air oxidation of the redox mediator is so
fast that a substantial portion of the analyte-reduced redox mediator is oxidized by O, during an analyte assay. This
will result in an inaccurate assay as the amount of analyte will be underestimated because the mediator will be oxidized
by the oxidizer rather than by electrooxidation at the electrode.'Thus, it is preferred that the reaction of the redox
mediator with O, proceeds more slowly than the electrooxidation of the mediator. Typically, lessthan 5%, and preferably
less than 1%, of the reduced mediator should be oxidized by the oxidizer during an assay.

[0093] The reaction rate of the air oxidation of the mediator can be controlled through choice of an appropriate
complexing polymer For example, the oxidation reaction is much faster for Os[4,4'- -dimethoxy-2,2"-bipyridine],C++2
coordinatively coupled to poly(1-vinyl lm:dazole) than for the same Os complex coupled to poly{4-vinyl pyridine). The
choice of an appropriate polymer will depend on the expected analyte concentration and the potential applied between
the electrodes, both of which determine the rate of the electrochemical reaction.

[0084] Thus, in one embodiment of the invention, the preferred redox mediator has the following characteristics: 1)
the mediator does not react with any molecules in the sampie or in the sensor other than the analyte (optionally, via a
second electron transfer agent); 2) nearly all of the redox mediator is oxidized by an oxidizer such as O, prior to
introduction of the sample in the sensor; and 3) the oxidation of the redox mediator by the oxidizer is slow compared
to the electrooxidation of the mediator by the electrode.

[0095] Altematively, if the redox mediator is to be oxidized in the presence of the analyte and electroreduced at the
electrode, a reducer rather than an oxidizer would be required. The same considerations for the appropriate choice of
reducer and mediator apply as described hereinabove for.the oxidizer.

[0096] The use of stable air-oxidizable redox mediators in the electrochemical sensors of the invention provides an
additional advantage during storage and packaging. Sensors of the invention which include air oxidizable redox me-
diators can be packaged in an atmosphere containing molecular oxygen and stored for long periods of time, e.g.,
greater than one month, while malntalnmg more than 80% and preferably more than 90% of the redox species in the
oxidized state.
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Optical Sensors

[0097] The air-oxidizable redox species of the present invention can be used in other types of sensors. The osmium
complexes described hereinabove are suitable for use in optical sensors, due to the difference in the absorpuon spectra
and fluorescence characteristics of the complexed Os+*2 and Os*3 species. Absorption, transmission, reflection, or
fluorescence measurements of the redox species will correlate with the amount of analyte in the sample (after reaction
between an analyte and the redox species, either directly, or via a second electron transfer agent such as an enzyme).
In this configuration, the molar amount of redox mediator should be greater, on a stoichiometric basis, than the molar
amount of analyte reasonably expected to fill the measurement zone of the sensor,

[0098] Standard optical sensors, including light-guiding optical fiber sensors, and measurement techniques can be
adapted for use with the air-oxidizable mediators For example, the optical sensors of the invention may inciude a light-
transmitting or light reflecting support on 'which the air-oxidizable redox species, and preferably an analyte-responsive
enzyme, is coated to form a film. The support film forms one boundary for the measurement zone in which the sample
is placed. The other boundaries of the measurement zone are determined by the configuration of the cell. Upon filling
the measurement zone with an analyte-containing sample, reduction of the air-oxidizable mediator by the analyte,
preferably via reaction with the analyte-responsive enzyme, causes a shift in the mediator's oxidation state that is
detected by a change in the light transmission, absorption, or reflection spectra or in the fluorescence of the mediator
at one or more wavelengths of light. :

Multiple Electrode Sensors and Calibration

.[0099] Muttiple electrode sensors may be used for a variety of reasons. For example, muttiple electrode sensors

may be used to test a variety of analytes using a single sample. One embodiment of a multiple electrode sensor has
one or more sample chambers which in turn may contain one or more working electrodes 22 with each working electrode
22 detining a different measurement zone. One or more of the working electrodes have the appropriate chemical
reagents, for example, an appropriate enzyme, to test a first analyte and one or more of the remaining working elec-
trodes have appropriate chemical reagents to test a second analyte. For example, a multiple electrode sensor might
include 1) one or more working electrodes having glucose oxidase in the sensing fayer to determine glucose concen-
tration and 2) one or more working electrodes having lactate oxidase in the sensing Iayer to determine lactate concen-
tration. Other combinations are also possible.

[0100] Multiple electrode sensors may also be used to improve the precision of the resulting readings. The meas-

- urements from each of the working electrodes (all or which are detecting the same analyte) can be averaged together

to obtain a more precise reading. In some cases, measurements may be rejected if the difference between the value -
and the average exceeds a threshold limit. This threshold limit may be, for example, determined based on a statistical

. parameter, such as the standard deviation of the averaged measurements. The average may then be recalculated

while omitting the rejected values. Furthermore, subsequent readings from an electrode that produced a rejected value
may be ignored in later tests if it is assumed that the particular électrode is faulty. Altematively, a particular electrode
may be rejected only after having a predetermined number of readings rejected based on the readings from the other
electrodes. :
[0101] In addition to using multiple electrode sensors to increase precision, multiple measurements may be made
at each electrode and averaged together to increase precision. This technlque may also be used with a single electrode
sensor to increase precision.
[0102] Errors in assays may occur when mass produced sensor are used because of variations in the volume of the

- measurement zone of the sensors. Two of the three dimensions of the measurement zone, the length and the width,

are usually relatively large, between about 1-5 mm. Electrodes of such dimensions can be readily produced with a
variance of 2% or less. The submicroliter measurement zone volume requires, however, that the third dimension be
smaller than the length or width by one or two order of magnitude. As mentioned hereinabove, the thickness of the
sample chamber is typically between about 0.1 and about 0.01 mm. Manufacturing variances in the thickness may be
as large or larger than the desired thickness. Therefore, it is desirable that a method be provided to accommodate for
this uncertainty in the volume of sample within the measurement zone.

[0103] In one embodiment of the.invention, depicted in Figure 5, multiple working electrodes 42, 44, 46 are provided
on a base material 48. These electrodes are covered by another base, not shown, which has counter electrodes, not
shown, disposed upon it to provide multiple facing electrode pairs. The variance in the separation distance between
the working electrode and the counter electrode among the electrode pairs on a given sensor is significantly reduced,
because the working electrodes and counter electrodes are each provided on a single base with the same spacer 28
between each electrode pair (see Figure 3).

[0104] One example of a muttiple electrode sensor that can'be used to accurately determine the volume of the
measurement zones of the electrode pairs and also useful in reducing noise is presented herein. In this example, one
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of the working electrodes 42 is prepared with a non-leachable redox mediator and a non-leachable second electron
transfer agent (e.g., an enzyme). Sorbent material may be disposed between that working electrode 42 and its corre-
sponding counter electrode. Another working electrode 44 includes non-leachable redox mediator, but no second elec-’
tron transferagent on the electrode. Again, this second electrode pair may have sorbent material between the working -
electrode 44 and the corresponding counter electrode. An optional third working electrode 46 has no redox mediator
and no second electron transfer agent bound to the electrode, nor is there sorbent matefial between the working
electrode 46 and its corresponding counter electrode. ' '

[0105] - The thickness of the sample chamber can be determined by measuring the capacitance, preferably in the
absence of any fluid, between electrode 46 (or any of the other electrodes 42, 44 in the absence of sorbent material)
and its corresponding counter electrode. The capacitance of an electrode pair depends on the surface area of the
electrodes, the interelectrode spacing, and the dielectric constant of the material between the plates. The dielectric
constant of air is unity which typically means that the capacitance of this electrode configuration is a few picofarads
(or about 100 picofarads if there'is fluid between the electrode and counter electrode given that the dielectric constant
for most biological fluids is approximately 75). Thus, since the surface area of the electrodes are known, measurement
of the capacitance of the electrode pair allows for the determnination of the thickness of the measurement zone to within
about 1-5%. : ' : :

[0106]) The amount of void volume in the sorbent material, can be determined by measuring the capacitance between
electrode 44 (which has ne second electron transfer agent) and its associated counter electrode, both before and after
fluid is added. Upon adding fluid, the capacitance increases markedly since the fluid has a much larger dielectric
constant. Measuring the capacitance both with and without fluid allows the determination of the spacing between the
electrodes and the void volume in the sorbent, and thus the volume of the fluid in the reaction zone. .
[0107} The sensor error caused by redox mediator in a non-uniform oxidation state prior to the introduction of the
sample can be measured by concurrently electrolyzing the sample in the measurement zones that are proximate elec-
trodes 42 and 44. At electrode 42, the analyte is electrolyzed to provide the sample signal. At electrode 44, the analyte
is not electrolyzed because of the absence of the second electron transfer agent (assuming that a second electron
transfer agent is necessary). However, a small charge will pass (and a small current will flow) due to-the electrolysis
of the redox mediator that was in'a mixed oxidation state (i.e., some redox centers in the reduced state and some in
the oxidized state)-prior to the introduction of the sample. The small charge passed between the electrodes in this
second electrode pair can be subtracted from the charge passed between the first electrode pair to substantially remove
the-error due to the oxidation state of the redox mediator. This procedure also reduces the error associated with other
electrolyzed interferents, such as ascorbate, urate; and acetaminophen, as well as errors associated with capacitive
charging and faradaic currents. o e :

[0108] Other electrode configurations can also use these techniques (i.e., capacitance measurements and coulom-
etric measurements in the absence of a critical component) to reduce background noise and error due to Interferents

‘and imprecise knowledge of the volume of the interrogated sample. Protocols involving one or more electrode pairs

and one or more of the measurements described above can be developed and are within the scope of the invention.
For example, only one electrode pair is needed for the capacitance measurements, however, additional electrode pairs

~ may be used for convenience.

EXAMPLES

[0109] The invention will be further characterized_by the following examples. These examples are not meant to limit
the scope-of the invention which has been fully set forth in the foregoing description. Variations within the concepts of
the invention are apparent to those skilled in the art. ) :

Example1 -

Preparation of a Small Volume in vitro Sensor for the Determination of Glucose Concentration

- [0110] A sensorwas constructed corresponding to the embodiment of the invention depicted in Figure 1. The working

electrode was constructed on a Mylar™ film (DuPont), the Mylar™ film having a thickness of 0.175 mm and a diameter
of about 2.5 cm: An approximately 12 micron thick carbon pad having a diameter of about 1 cm was screen printed on
the Mylar™ film. The carbon electrode was overlaid with a water-insoluble dielectric insulator (Insulayer) having a
thickness of 12 um, and a 4 mm diameter opening in the center. = E

[0111] The center of the carbon electrode, which was not covered by the dielectric, was coated with a redox mediator.
The redox mediator was formed by complexing poly(1-viny! imidazole) with Os(4,4™-dimethoxy-2,2'-bipyridine),Cl, fol-
lowed by cross-linking glucose oxidase with the osmium polymer using polyethylene glycol diglycidyl ether as described
in Taylor, et al., J. Electroanal. Chem., 396:511 (1995). The ratio of.osmium to imidazole functionalities in the redox
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mediator was approximately 1:15. The mediator was deposited on the working electrode in a layer having a thickness
of 0.6 um and a diameter of 4 mm. The coverage of the mediator on the electrode was about 60 ug/cm? (dry weight).
A spacer material was placed on the electrode surrounding the mediator-covered surface of the electrode. The spacer
was made of poly(tetrafluoroethylene) (PTFE) and had a thickness of about 0.040 mm.

[0112] A sorbent material was placed in contact with the mediator-covered surface of the working electrode. The
sorbent was made of nylon (Tetko Nitex nylon 3-10/2) and had a diameter of 5 mm, a thickness of 0.045 mm, and a
void volume of about 20%. The volume of sample in the measurement zone was calculated from the dimensions and
characteristics of the sorbent and the electrode. The measurement zone had a diameter of 4 mm (the diameter of the
mediator covered surface of the electrode) and a thickness of 0.045 mm (thickness of the nylon sorbent) to give a
volume of 0.57 L. Of this space, about 80% was filled with nylon and the other 20% was void space within the nylon
sorbent. This resulting volume of sample within the measurement zone was about 0.11 pL.

[0113] A counter/reference electrode was placed in contact with the spacer and the side of the sorbent opposite to
the working electrode so that the two electrodes were facing each other. The counter/reference electrode was con-

-structed on a Mylar™ film having a thickness of 0.175 mm and a diameter of about 2.5 cm onto which a 12 micron

thick layer of silver/silver chloride having a diameter of about 1 cm was screen printed.

[0114] The electrodes, sorbent, and spacer were pressed together using plates on either side of the electrode as-
sembly. The plates were formed of polycarbonate plastic and were securely c!amped to keep the sensor together. The
electrodes were stored in air for 48 hours prior to use.

[0115] Tabs extended from both the working electrode and the counter/reference electrode and provided for an elec-
trical contact with the analyzing equipment. A potentiostat was used to apply a potential difference of +200mV between
the working and counter/reference electrodes, with the working electrode being the anode. There was no current flow
between the electrodes in the absence of sample, which was expected, as no conductive path between the electrodes
was present.

[0116] The sample was mtroduced via a small tab of nylon sorbent material formed as an extension from the nylon
sorbent in the sample chamber. Liquid was wicked into the sorbent when contact was made between the sample and
the sorbent tab. As the sample chamber filled and the sample made contact with the electrodes, current flowed between
the electrodes. When glucose molecules in the sample came in contact with the glucose oxidase on the working elec-
trode, the glucose molecules were electrooxidized to gluconolactone. The osmium redox centers in the redox mediator
then reoxidized the glucose oxidase. The osmium centers were in turm reoxidized by reaction with the working electrode.
This provided a current which was measured and simultaneously integrated by a coulometer. (EG&G Princeton Applied
Research Model #173) - :

[0117]. The electrochemical reaction continued until the current reached a steady state value which indicated that
greater than 95% of the glucose had been electroreduced. The current curve obtained by measurement of the current
at specific intervals was integrated to determine the amount of charge passed during the electrochemical reaction.
These charges were then plotted versus the known glucose concentration to produce a calibration curve.

[0118]  The sensor was tested using 0.5 ub aliquots of solutions containing known concentrations of glucose in a
buffer of artificial cerebrospinal fluid or in a control serum (Baxter-Dade, Monitro! Level 1, Miami, FL) in the range of 3

to 20 mM glucose. The artificial cerebrospinal fluid was prepared as a mixture of the following salts: 126 mM NacCl,’

27.5 mM NaHCO3, 2.4 mM KCI, 0.5 mM KH,PO,, 1.1 mM CaCl,-2H,0, and 0.5 mM Na,S0,.
[0119] The results of the analyses are shown in Table 1 and in Figure 7. In Table 1, Qg4 is the average charge used
to electrolyze the glucose'in 3-6 identical test samples (Figure 7 graphs the charge for each of the test samples) and

the 80% rise time corresponds to the amount of time required for 90% of the glucose to be electrolyzed. The data show’

a se'nso!" precision of 10- 20%, indicating adequate sensitivity of the sensor for low glucose concentrations, as well as
in the physiologically relevant range (30 pg/dL - 600 pg/dL).
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TABLE 1
Sensor Results Using Glucose Oxidase

:-‘~=-:Q;;_c;;c> &R

“buffer only

| 99% 18
3 mM glucose/buffer

17.8+ 3;5

5
6 mM glucose/buffer =~ 4 494 49
10 mM glucose/buffer’ 6 96.1+12.4
15 mM glucose/buffer 5 205.2+75.7
4

20 mM glucose/buffer

™ T e

255.7%41.0

44t 3
72231

2% 43 |
31822573

4.2 mM glucose/serum ‘ 3'.
15.8 mM glucose/serum 3 .

[0120] The average measured values of glucose concentration were fit by one or more equations to provide a cali-
bration curve. Figure 8 shows the calibration curves for the glucose/bufier data of Table 1..One of the 15.0 mM glucose
measurements was omitted from these calculations because it was more than two standard deviations away-from the
average of the measuremients. The higher glucose concentrations (10-20 mM) were fit by a linear equation. The lower
glucose concentrations were fit by a second order polynomial. :

[0121] Figure 9 shows the data of Table 1 plotted on an error grid developed by Clarke, et al. Diabetes Care, §,
622-27, 1987, for the determination of the outcome of errors based on inaccurate glucose concentration detemmination.
The graph plots "true” glucose concentration vs. measured glucose concentration, where the measured glucose con-
centration is determined by calculating a glucose concentration using the calibration curves of figure 8 for each data
point of figure 7. Points in zone A are accurate, those in zone B are clinically acceptable, and those in"_zones C,D, and
E lead to increasingly inappropriate and finally dangerous treatments. i R

[0122] There were 34 data points. Of those data points 91% féll in zone A, 6% in zone B, and 3% in zone C. Only
one reading was’determined to be in zone C. This reading was off-scale and is not shown in figure 9. Thus, 97% of
the readings fell in the clinically acceptable zones A and B.

-[0123] The total number of Os atoms was determined by reducing all of the Os and then electrooxidizihg it with a

glucose-free buffer in the sample chamber. This resulted in a charge of 59.6 + 5.4 uC. Comparison of this result with
the glucose-free buffer resultin Table 1 indicated that less than 20% of the Os is in the reduced form priorto introduction
of the sample. The variability in the quantity of osmium in the reduced state is less than 5% of the total quantity of
osmium present. ' : . :

Example 2

Response of the Glucose Sensor to Interferents

[0124] A sensor constructed in the same manner as described above for Example 1 was used to determine the
sensor's response to interferents. The primary electrochemical interferents for blood glucose measurements are ascor-
bate, acetaminophen, and urate. The nommal physiological or therapeutic (in the case of acetaminophen) concentration

ranges of these common interferents are:

ascorbate: 0.034 - 0.114 mM
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acetaminophen: 0.066 - 0.200 mM
urate (adult male): 0.27 - 0.47 mM

Tietz, in: Textbook of Clinical Chemistry, C.A. Burtis and E.R. Ashwood, eds., W.B. Saunders Co., Philadelphia 1994,
pp. 2210-12.

[0125]) Buffered glucose-free interferent solunons were tested with concentrations of the interferents at the high end
of the physiological or therapeutic ranges listed above. The injected sample volume in each case was 0.5 uL. A potential
of +100mV or +200 mV was applied between the electrodes. The average charge (Qqyg) was calculated by subtracting
an average background current obtained from a buffer-only (i.e., interferent-free) solution from an average signal re-
corded with interferents present. The resulting average charge was compared with the signals from Table 1 for 4 mM
and 10 mM glucose concentrations to determine the percent error that would result from the interferent.

TABLE 2
Interferent Response of Glucose Sensors

H-mM. glucose

0.114 mM ascorbate _ 100. 4 <1%

0.114 mMascorbate | 200 | 4 05 | 2% - <1%
0.2 mM acetaminophen 100 4 0.1 A% | <1%
0.2 mM acetaminophen | 200 4 1.0 5% 1%

0.47.mM urate - 10 | 4 6.0 30% 7%

047TmMuraste | 200 | 4| 180 | 9% | 21%

'[0126] These results indicated that ascorbate and acetammophen were not significant interferents for the glucose

sensor configuration, especially for low potentlal measurements. However, urate provided significant interference. This
interference can be minimized by calibrating the sensor response to a urate concentration of 0.37 mM, e.g., by sub-
tracting an appropriate amount of charge as determined by extrapolation from these results from all glucose measure-
ments of the sensor. The resulting error due to a 0.10 mM variation in urate concentration {the range of urate concen-
tration is 0.27 - 0.47 in an adult male) would be about 6% at 4 mM glucose and 100mV.

Example 3
Sensor with Glucose Dehydrogenase
[0127] A sensor similar to that described for Exémple 1 was prepared and used for this example, except that glucose

oxidase was replaced by pyrroloquinoline quinone glucose dehydrogenase and a potential of only +100 mV was applied
as opposed to the +200 mV potential in Example 1. The results are presented in Table 3 below and graphed in Fig. 10.
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TABLE 3

Sensor Results Using Glucose Dehydrogenase

T OG0, [ R
W TS e —
3 mM glucose/buffer | 4 96.9+15.0 246
6 mM glucose/buffer | 4 | 190.6 % 18.4 266
T0mM gicose/butter | 4| 33785693 43:9

[0128] The results indicated that the charge obtained from the glucose dehydrogenase sensor was much larger than
for the comparable glucose oxidase sensor, especially for low concentrations of glucose. For 4 mM glucose concen-
trations the measurements obtained by the two sensors differed by a factor of five. In addition, the glucose dehydro-
genase sensor operated at a lower potential, thereby reducing the effects of interferent reactions.

[0129] In addition, the results from Table 3 were all fit by a linear calibration curve as opposed to the results in
Example 1, as shown in Fig. 10. A single linear calibration curve Is greatly preferred to simplify sensor construction
and operation.

[0130] Also, assuming that the interferent results from Table 2 are applicable for this sensor, all of the interferents
would introduce an error of less than 7% for a 3 mM glucose solution at a potential of 100 mV,

Exam.ple 4
Determination of Lactate Concentration in a Fluid Stream

[0131] The sensor of this Example was constructed using a flow cell (BioAnalytical Systems, Inc. # MF-1025) with
a glassy carbon electrode, A redox mediator was coated on the electrode of the flow cell to provide a working electrode.
In this case, the redox mediator was a polymer formed by complexing poly(1-vinyl imidazole) with Os(4,4'-dimethyl-
2,2"-bipyridine),Cl, with a ratio of 1 osmium for every 15 imidazole functionalities. Lactate oxidase was cross-linked
with the polymer via polyethylene glycol diglycidyl ether. The mediator was coated onto the electrode with a coverage
of 500 pg/em? and a thickness of 5 pm. The mediator was covered by a polycarbonate track-etched membrane (Os-
monics-Poretics #10550) to improve adherence in the flow stream. The membrane was then overlaid by a single 50

- um thick spacer gasket (BioAnalytical Systems, Inc. #MF-1062) containing a void which defined the sample chamber

and comesponding measurement zone. Assembly of the sensor was completed by attachment of a cell block (BioAn-
alytical Systems, Inc. #MF-1005) containing the reference and auxiliary electrodes of the flow cell.

[0132] The sample chamber in this case corresponded to a 50 um thick cylinder (the thickness of the spacer gasket)
in contact with a mediator-coated electrode having a surface area of 0.031 cm?, The calculated volume of sample in
the measurement zone of this sensor was approximately 0.16 pb. ' '

[0133] The flow rate of the fluid stream was 5 uL/min. A standard three electrode potentiostat was attached to the -

cell leads and a potential of +200 mV was applied between the redox mediator-coated glassy carbon electrode and
the reference electrode. This potential was sufficient to drive the enzyme-mediated oxidation of lactate.
[0134]  As the fluid stream flowed through the sensor, a steady-state current proportional to the lactate concentration
was measured. At periodic intervals the fluid flow was stopped and current was allowed to flow between the electrodes
until approximately all of the lactate in the measurement zone was electrooxidized, as indicated by the achievement
of a stabilized, steady-state current. The total charge, Q, required for lactate electrooxidation was found by integration
of the differential current registered from the flow stoppage until the current reached a steady-state. The concentration
was then calculated by the following equation: :

[lactate] = Q/2FV (4)

where V is the volume of sample within the measurement zone and F is Faraday's constant.
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[0135] This assay was performed using lactate soluuons having nominal lactate concentrations of 1.0,5.0,and 10.0
mM. The measured concentrations for the assay were 1.9, 5.4, and 8.9 mM respectively.

Example 5

Determination of the Oxidation State of Os(4, 4'-dimethoxy-2,2'-bipyridine),Ci++2 Complexed with poly(1 -vinyl
imidazole)

[0136] A sensor having a three electrode design was commercially obtained from Ecossensors Ltd., Long Hanbor-
ough, England, under the model name “large area disposable electrode®. The sensor contained parallel and coplanar
working, reference and counter electrodes. The working surface area (0.2 cm?) and counter electrodes were formed
of printed carbon and the reference electrode was formed of printed Ag/AgCI. A redox mediator was coated on the
carbon working electrode. The redox mediator was formed by complexation of poly(1-vinyl imidazole) with Os(4,4"-
dimethoxy-2,2"-bipyridine),Cl, in a ratio of 15 imidazole groups per Os cation followed by cross linking the osmlum
polymer with glucose oxidase using polyethylene glycol diglycidyl ether.

[0137] The electrode was cured at room temperature for 24 hours. The coplanar electrode array was then immersed
in a buffered electrolyte solution, and a potential of +200 mV (sufficient for conversion of Os(ll) to Os(!lN), ) was applied
between the working electrode and the reference electrode.

[0138] Upon application of the potential, an undetectable charge of less than 1 nC was passed. Subsequent reduction
and reoxidation of the redox mediator yielded a charge for conversion of all Os from Os(ll) to Os(itt) of 65 uC. Therefore,
more than 98% of the Os cations in the redox mediator were in the desired oxidized Os(lll) state.

Example 6

Determination of the Oxidation State of the Os(4 4'-dimethoxy-2,2'-bipyridine),CI+#+2 Complexed with poty
{4-vinyl pyridine)

[0139] A similar experiment to that of Example 5 was conducted with the same working/counter/reference eléctrode
configuration except that the redox mediator on the working electrode was changed to a complex of Os(4,4'-dimethoxy-
2,2"-bipyridine),Cl, with poly(4-vinyl pyridine), with 12 pyridine groups per Os cation, cross linked w;th glucose oxidase

via polyethylene glycol diglycidyl ether. . N
~ [0140] Two sensors were constructed. The electrodes of the two sensors were cured at room temperature for 24

hours. The electrodes were then immersed in a buffered electrolyte solution and a potentlal of +200 mV was apphed
between the working and reference electrodes.
[0141] Upon application of the potential to the electrodes, a charge of 2.5 p.C and 3.8 uC was passed in the two

- sensors, respectively. Subsequent reduction and reoxidation of the redox mediators yielded oxidation charges of 27.9

uC and 28.0 uC, respectively. Therefore, the sensors ongmally contained 91% and 86% of the Os cations in the de-
sirable oxidized Os(lil) state.

Example 7
Optical Sensor.

[01 42] An optical sensor is constructed by applying a film of redox polymer with crosslinked enzyme onto a light-
transparent support such as a glass slide. The quantity of redox mediator is equal to or greater than (in a stoichiometric
sense) the maximum quantity of analyte expected to fill the measurement zone. The spacer material, sorbent and
facing support are securely clamped. The sample chamber is adapted to transmit light through the assembled sensor
toan opncal density detector or to a fluorescence detector, As samp!é fills the sample chamber and the redox mediator
is oxidized, changes in the absorption, transmission, reflection or ﬂuorescence of the redox mediator i in the chamber
are comrelated to the amount of glucose in the sample.

Example 8
Blood Volumes from Upper Arm Lancet Sticks
[0143] The forearm of a single individual was pierced with a lancet multiple times in order to determine the repro-

ducibility of blood volumes obtained by this method. Despxte more than thirty lancet sticks in the anterior portion of
each forearm and the dorsal region of the left forearm, the individual identified each stick as virtually painless.
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[0144] The forearm was pierced with a Payless Color Lancet. The blood from each stick was collected usinga 1 pL
capillary tube, and the volume was determined by measuring the length of the blood column. The volumes obtained
from each stick are shown below in Table 4.

Table 4
Volume of Lancet Sticks .
Left Anterior Forearm, (nL) | Right Anterior Forearm, (nL) | Left Dorsal Forearm, (nl)

1 180 180 : 180

2 250 ‘ 180 - - 300

3 170 i 120 . 310
4 150 _ 100 : © 300
5 100 210 , 60

6 50 140 380
7 80 120 220

8 130 140 200

9 120 100 380

10 : 100 320

11 . 260

12 _ ' : 250

13 ) 280

14, ) ) . 260 -
Avg. 138+ 58 nL. ) 140+ 40nL 264+ 83 nL

[0145] The .irivention has been described with reference to various specific and preferred émbodimen_fs and tech-
niques. However, it will be apparent to one of ordinarily skill in the art that many variations and modifications may be’
made while femaining within the scope of the invention.

Claims
1. Anelectrochemical sensor for determining the concentration of an analyte in a sample, the sensor comprising;

at feast one working electrode (22) ;

at least one counter electrode (24) ;

which electrodes, in use, are connected to exiernal electronics of a measuring device;

at least one sample chamber (26), wherein the at least one sample chamber is
(i) a sample chamber for holding the sample in electroiytic contact with the working electrode and sized
to contain né more than about 1yl of sample; or
(i} a sample chamber comprising at least one measurement zoneé sized to contain ro more than about
1pl of sample, wherein the measurementzone is bounded on at least two sides by the working and counter
electrodes; .

said sensor containing a non-leachable redox mediator on the working electrode;
and '

said sensor optionally containing a sorbent material (34) disposed at least partially within the sample chamber
or at least partially within the measurement zone. ‘

2. The sensor of claim 1, wherein the working electrode and the counter electrode comprise metal or carbon, and
the sensor includes the non-leachable redox mediator on the working electrode. '
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The sensor of claim 2, wherein the sensor further comprises a second electron transfer agent, preferably an enzyme
such as glucose oxidase, on the working electrode, wherein the second transfer agent is optionally immobilized
on the working electrode and/or is optionally non-leachable.

The sensor of claim 1, wherein the working electrode and the counter electrode comprise metal or carbon, and
the sensor includes the sorbent material disposed at least partially wnhln the sample chamber or at least partially
within the measurement zone.

The sensor of any of claims | through 4, wherein the sample chamber or, the measurement zone, is sized to contain
no more than about 0.5 ul., preferably no more than about 0.2 L, preferably no more than about 0.1 pl of sample.

The sensbr of any of claims 1 through 5, wherein the redox mediator is immobilized on the Working electrodé.

The sensor of any of claims 1 through 6, wherein the redox mediator is an air-oxidizable redox mediator, preferably
wﬂh at least 0% of the air-oxidizable redox mediator in an oxidized state prior to introduction of sample.

The sensor of any of claims 1 through 7, wherein the redox mediator comprises a transition metal complex, such
as an osmium, ruthenium, iron, or cobalt complex; and preferably is osmium complexed with at least one ligand

having a nitrogen-containing heterocyc|e such as 2,2"-bipyridine, 4,4'-dimethyl-2,2"-bipyridine, 4,4'-dialkoxy-2,2"- .

bipyridine, 1,10-phenanthroline, 4,7-dimethyl-1,10-phenanthroline, 4,7-dialkoxy-1,10-phenanthroline, or deriva-

~ tives thereof.

10.

1.

12,

-13.

14.

15.

16.

17.

18.

The sensor of élaim 8, wherein the ligand having a nitrogen-containing heterocycle comprises 2,2'-bipyridine,

“1,10-phenanthroline, or a derivative thereof; such as a mono-, di-, or polyalkoxy derivative of 2,2'-bipyridine or

1,10-phenanthroline, wherein the carbon to oxygen ratio of the alkoxy functional groups is sufficient to retain sol-
ubility of the transition metal complex in water prior to crosslinking.

The sensor of claim 8 or 9, wherein the carbon to oxygen ratio of the alkoxy functional groups is sufficient to retain
solubility of the transition metal oomplex in water prior to crosslinking.

The sensor of any of claims | through 10, wherein the sorbent material has a void volume of about 5% to 50%,
preferably about 10% to 25%, of the total volume of the sorbent material.

The sensor of any of claims 1 through 11, wherein the sensor further comprises one or more addmonal working
electrodes.

The sensor of any of claims 1 through 12, wherein at least one working electrode and at least one counter electrode
form at least one facing electrode pair, optionally wherein each pair is responsive to a specific analyte.

The sensor of claim 13, wherein the working electrode and counter electrode have a separation dlstance of no
more than about 0.2-mm, or no more than about 0.1 mm, or no more than about 0 05 mm.

The sensor of claim 13, wherein at least one facing electrode pair comprises a working electrode including non-’
leachable enzyme and redox mediator, and wherein at least one other facing electrode pafr comprises a worklng

electrode mc!udlng non-leachable redox mediator in the absence of the enzyme.

The sensor of claim 15, further comprising a thlrd electrode (46) pair having no redox mediator or enzyme on the
workmg electrode. .

The sensor of any of claims 1 through 16, wherein the working electrode comprises a first arm (122) and the
counter electrode comprises a second amm (124), a portion of the first amn overlapping a portion of the second
am, wherein the measurement zone or, the sample chamber; comprises a region (21) between the overlapping
portions of the first and second arms.

The sensor of claim 17, wherein the first arm has an extra length and the overlapping portion of the first arm has

a width, wherein a ratio of the extra length of the first arm to the width of the overlapping portion of the firstarm .

ranges from 0.1:1 to 50:1, preferably from 1:1 to 15:1, and more preferably from 4:1 to 10:1.
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The sensor of claim 18, wherein the first and second amms intersect at an angle greater than 0 degrees.

The sensor of any of claims 1 through 19, wherein the sorbent material comprises a powdered material dlsposed
on thé working electrode.

The sensor of claim 13, wherein the at least one facing electrode pair comprises a base material (102) having a
recess (104) and at least one of the working electrode and the counter electrode disposed in the recess.

. The sensor of any of claims 1 through 21, further comprising a filler material, preferably a hydrophilic filler material,

wherein the filler material is disposed in the measurement zone or in the sample chamber, to decrease a volume
of the measurement zone or the sample chamber available for the sample.

. The sensor of claims 1 through 22, wherein the sensor produces a signal in a buffer solution containi.ng 10 mM

glucose that is at least 9 times greater than a signal produced in a buffer solution with no glucose.

A method for determining a concentration of an analyte in a sample, comprising contacting the sample with the
electrochemical sensor of any of claxms 1 through 23, and determining the concentration of the analyte in the
sample by coulometry. :

The method of claim 24, wherein the contacting step is performed by contacting the sample with the sorbent
material to wick the sample into the sample chamber or the measurement zone.

The method of claim 24, wherein the sample chamber fills by capillary action.
The method of claim 24, wherein the step of determining the concentration of the analyte comprises:

K electrolyzmg at least 90% of analyte present in the measurement zone by applying a potential across the
working and counter electrodes, preferably in less than about 5 minutes, and more preferably in less than
about 1 minute;
determining an electrical charge used to electrolyze the analyte; and
correlating the electrical charge with the concentration of the analyte in the sample;

" whereln the determining step Is optionally performed by the following steps: - '

measuring a current generated at the working electrode attwo ormore times as the analyte is electrolyzed;
and . .
integrating the measured currents overtime to obtain the electrical charge used to electrolyze the analyte.

The method of claim 24, wherein the step of determining the concentratlon of the analyte by coulometry comprises
the steps of: :

electrolyzing a portion of the analyte by applying a potential across the working and the counter electrode;
measuring a current generated at the working electrode at two or more times during the electrolysis
extrapolating a current curve based on the measured currents; :
integrating the current curve over time to obtain an electrical charge necessary to electrolyze at feast 90% of
the analyte; and

correlating the electrical charge with the concentration of the analyte in the sample.

The method of claim 24 wherein the electrochemical sensor comprises first and second electrode pairs, each pair
comprising a working electrode, wherein said first electrode pair includes a non-leachable redox mediator and a
non-leachable enzyme on the working electrode, and wherein said second electrode pair includes non-leachable
redox mediator on the working electrode in the absence of enzyme.

The method of claim 29 wherein the step of determining the concentration of analyte comprises the steps of:
measuring substantially snmultaneously, and at two or more times, afirst current generated atthe f' rst electrode
pair and a second current generated at the second electrode pair;

integrating the measured first currents over time to obtain a first charge;
integrating the measured second currents over time to obtain a second charge;
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subtracting the second charge from the first charge to obtain a noise-reduced charge; and
correlating the concentration of the analyte to the noise-reduced charge.

The method of claim 24,-the method comprising, prior to the contacting and determining steps, the further steps of:

providing the electrochemical sensor of any of claims 1 through 23, wherein the sensor has one or more facing
electrode pairs, each electrode pair comprising a working electrode, a counter electrode, and a measurement
zone between the working electrode and the counter electrode;

measuring a capacitance of at least one of the electrode pairs; and

calculating the volume of the measurement zone from the capacitance measurement.

The method of claim 24 wherein the sensor includes a redox mediator on the working electrode, and the molar
amount of redox mediator in a reduced form prior to introduction of the sample is less than, on a stoichiometric
basis, 5% of the expected molar amount of the analyte to be electrolyzed; and wherein the step of determining
the concentration of analyte comprises :

eleclrolyzing less than about 1 pL of sample.

The method of claim 32, wherein the sensor comprises at least two working electrodes, each working electrode
havmg an associated measurement zone, and wherein the step of determining the concentration of the analyte
comprises averaging measurements from the at least two working electrodes, and optionally further comprises
eliminating measurements which exceed a threshold value, and optionally further compnses reaveraging the meas-
urements without the ellmmated measurements.

. An analyte measurement system comprising:

sample acquisition means, preferably a skin-| plercmg member (54) such as a lancet, for producing a patient
sample;

the electrochemlcal sensor of any one of claims 1 through 23; and R
optionally a transport means, such as a wicking material, a capillary chamber, a sorbent matenal or a pump,
for transporting the sample produced by the sample acquisition means to the sample chamber or the meas-
urement zone.

The systém of claim 34 wherein the skin piercing member is integral with the sensor.
A method for measuring analyte in a patient sample, the methed comprising:
confacting the patient with an analyte measuring system, the sYstem comprising:

sample acquisition means for producmg a patient sample; and"
the electrochemical sensor of any of claims 1 through 23, for measuring analyte in the sample;

" acquiring a sample using'the sample acquisition means; :
transporting a portion of the sample to the measurement zone or sample chamber of the electrochemical
sensor, ‘wherein the transporting ‘step optionally comprising wicking the sample into the measurement zone
or sampler chamber using the sorbent material; and
-determining the concentration of the analyte in the sample by coulometry. .

The method of claim 36, which the sample acquisition means is integral with the sensor.
The method of claims 36 or 37, wherein the sample acquisition means comprises a skin-| -piercing member, such
as a lancet, and the step of acquiring a sample comprises piercing the patient's skin at a location other than ata
finger of the patient to produce a sample.
A method of determining a concentration of an analyte in a sample, the method comprising steps of:

connecting the electrodes of an electrochemical sensor comprising a working electrode, a counter electrode,

and a sample chamber for holding the sample in electrolytic contact with the working electrode and counter
electrode, to external electronics of a measuring device;
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_ contacting the sample with the sensor;
holding the sample within the sample chamber in a non- flowing manner;
applying a potential between the working and counter electrodes to electrolyze the analyte in a portion of the
sample within the sample chamber, wherein the portion of the sample in which the analyte is electrolyzed has
a volume of less than 1 pL;
measuring current generated by the electrochemical sensor at a plurality of times while the analyte in the
portion of the sample is being electrolyzed; and
determining, by coulometry, a concentration of the analyte in the sample using the measured currents.

. The sensor of claim 7, wherein the sensor further comprises a second electron transfer agent, such as an enzyme,

coated on the support and in contact with the redox mediator, wherein the second electron transfer agent is op-
tionally immobilized on the support:

A method for determining a concentration of an analyte in a sample, comprising the steps of:

contacting the sample with the sensor of claim 7 or claim 40; and
correlating the concentration of the analyte in the sample to a change in oxidation state of the redox mediator
in the presence of analyte. : :

The method of claim 41, wherein the sensor comprises an optical sensor, and the step of correlating the concen-
tration of the analyte comprises:

irradiating the redox mediator with light;
measuring the response of the redox mediator to irradiation by light; and
correlating the concentration of the analyte to the measured response of the redox mediator.

. The method of claim 42, wherein the step of measuring the response of the redox mediator to irradiation by light

compﬁses measuring the absorption, or the transmittance, of the irradiated light by the redox mediator.

. The method of claim 42, wherein the step of measuring the response of the redox medlator to irradiation by light

compnses measuring the fluorescence of the redox mediator after irradiation by light, or measunng the reflection
of light by the redox mediator.

The method of claim 41, wherein the sensor comprising an electrochemical sensor, and the step of correfating the
concentration of the analyte comprises: .

applymg an electrical potential across the redox mediator;

measuring a current at one or more intervals, the current being generated in response to the electrolysis of
the redox mediator in the presence of the analyte; and :

correlating the concentration of the analyte to the measured current.

The method of claim 41, wherein the redox mediator comprises a transition metal complex, such as an osmium
complex, and preferably, csmium complexed with &t least one ligand having a nitrogen-containing heterocycle,
such as 2,2"-bipyridine, 1,10-phenanthroline, or a derivative thereof, preferably a mono-, di-, or polyatkoxy deriv-
ative of 2,2-bipyridine or 1,10-phenanthroline, and more preferably comprises 4,4'-dialkoxy-2,2"-bipyridine or
4,7-dialkoxy-1,10-phenanthroline, wherein the carbon to oxygen ratio of the alkoxy functional groups is sufficient
to retain solubility of the transition metal complex in water prio'r to crosslinking.

The method of claim 46, whereln the nitrogen- containing heterocycle compnses 4.4'-dimethoxy-2, 2'—b|pyr|dme or
4,7-dimethoxy-1,10-phenanthroline.

. The method of claim 46, wherein the osmium complex comprises osmium complexed with a polymeric ligand,

wherein the .polymeric ligand comprises a nitrogen-containing heterocycle.
The method of claim 48, wherein the polymer corripn‘ses poly(4-vinyl pyridine) or poly (1-vinyl imidazole).

The method of claim 49, wherein the redox mediator comprises Os[4,4'-dimethoxy-2,2'-bipyridine],Cl++2 or Os
[4,7-dimethoxy-1,10-phenanthroline),CH+2 complexed with poly(1-vinyl imidazole).
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51. The sensor of claim 7, wherein a ponion' of the air-pxidizable redox mediator is oxidized when packaging the

analytical sensor in an atmosphere containing molecular oxygen.

52. The method of claim 50, wherein greater than 90% of the redox mediator is in an oxidized state after being stored

for more than one month.

53. An analyte measurement system comprising:

a. a sensor of any of the claims 1-23, 40, and 51; and )
b. a coulometer operatively connected to the sensor and configured to measure the cumulative electrical
charge flowing through the sensor.

Patentanspriiche

1.

Elektrochemischer Sensor zur Bestimmung der Konzentration eines Analyten in einer Probe,  wobei der Sensor
aufweist: .

wenigstens eine Arbeitselektrode (22);
wenigstens eine Gegenelekirode (24);

wobei die Elekiroden, im Gebrauch, mit einer externen Elektronik einer MeBvorrichtung verbunden sind;
wenigstens eine Probenkammer (26), wobei die wenigstens eine Probenkammer

(i) eine Probenkammer ist, die die Probe in elektrolytischem Kontakt mit der Arbeitselekirode halt und so

bemessen ist, daB sie nicht mehr als etwa 1 ul der Probe enthilt; oder

(i) eine Probenkammer ist, die wenigstens eine MeBzone aufweist, die so bemessen ist, daB sie nicht mehr
* als etwa 1l Probe enthalt, wobei die MeBzone auf wenigstens zwei Seiten von der Arbeits- und der Gegen-

elektrode begrenzt ist;

wobei der Sensor einen nicht auslaugbaren Redoxmediator auf der Arbeitselektrode enthéit; und
wobei der Sensor gegebenenfalls ein Sorbensmatenal (34) enthalt, das wenigstens teilweise lnnerhalb der
Probenkammer oder wenigstens tellwelse innerhalb der MeBzone angeordnet ist.

Sensor nach Anspruch 1, bei dem die Arbeitselekirode und die Gegenelekirode Metall oder Kohlenstoff umfassen ;

und der Sensor den nlcht auslaugbaren Redoxmediator auf der Arbeitselekirode enthalt.
Sensor nach Anspruch 2, wobei der Sensor auBerdem ein zweites Elektronendbenragungsmmél Vorzugsweise
ein Enzym wie beispielsweise Glucoseoxidase, auf der Arbeitselektrode aufweist, wobej das zweite Ubenragungs-

mitiel gegebenentalls auf der Arbeltselektrode immobilisiert.ist und/oder gegebenenfalls nicht auslaugbar ist.

Sensor nach Anspruch 1, wobei die Arbeitselektrode und die Gegenelektrode Metall oder Kohlenstoff umfassen,

und der Sensor das Sorbensmaterial einschlieBt, das wenigstens teilweise innerhalb der Probenkammer oder

wenigstens teilweise innerhatb der MeBBzone angeordnet ist.

Sensor nach irgendeinem der Anspriiche 1 bis 4, wobei die Probenkammer oder die Mef3zone so bemessen ist,
daf sie nicht mehr als etwa 0,5 p!, vorzugsweise nicht mehr als etwa 0,2 pl, vorzugsweise nicht mehr als etwa 0, 1
ul der Probe enthalt. :

Sensor nach‘irgendeinem der Anspriiche 1 bis 5, wobéi der Redoxmediator auf der Arbeitselektrode immobilisiert
ist. ' ’ :

Sensor nach irgendeinem der Anspriiche 1 bis 6, wobei der Redoxmediator ein luftoxidierbarer Redoxmédfa}or Ist,
wobei vorzugsweise wenigstens 90% des luftoxidierbaren Redoxmediators vor der Einfiihrung der Probe in einem
oxidierten Zustand vorliegt.

Sensor nach irgendeinem der Anspriiche 1 bis 7, wobei der Redoxmediator einen Ubergangsmetallkomplex um-
faBt, wie beispielsweise einen Osmium-, Ruthenium-, Eisen- oder Cobaltkomplex, und vorzugsweise Osmium ist,
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das mit wemgstens einem Liganden mit einem stickstoffhaltigen Heterocyclus komplexiert ist, wie beispielsweise
mit 2,2'-Bipyridin, 4,4'-Dimethyl-2,2-bipyridin, 4,4'-Dialkoxy-2,2'-bipyridin, 1,10-Phenanthrolin, 4,7-Dimethyl-
1,10-phenanthrolin, 4,7-Dialkoxy-1,10-phenanthrolin oder Derivaten davon.

Sensor nach Anspruch 8, wobei der Ligand mit einem stickstoffhaltigen Heterocyclus 2,2"-Bipyridin, 1,10-phenan-
throlin oder ein Derivat davon umfaft, wie beispielsweise ein Mono-, Di- oder Polyatkoxyderivat von 2,2'-Bipyridin
oder 1,10-Phenanthrolin, wobei das Verhéltnis von Kohlenstoff zu Sauerstoff der funktionéllen Alkoxygruppe aus-
reicht, die Laslichkeit des Ubergangsmetallkomplexes in Wasser vor dem Vemetzen zu gewéhrleisten.

Sensor nach Anspruch 8 oder 9, wobei das Verhaltnis von Kohlenstoff zu Sauerstoff der funktionellen Atkoxygrup-
pen ausreicht, die Loslichkeit des Ubergangsmetallkomplexes in Wasser vor dem Vernetzen zu gewéhrleisten.

Sensor nach irgendeinem der Anspriiche 1 bis 10, wobei das Sorbensmaterial ein freies Volumen von etwa 5%
bis 50%, vorzugsweise von etwa 10% bis 26% des Gesamtvolumens des Sorbensmaterials aufweist.

Sensor nach lrgendemem der Anspriiche 1 bis 11, wobei der Sensor auBerdem eine oder mehrere zusatzliche
Arbentselektroden aufweist.

Sensor nach irgendeinem der Anspriiche 1 bis 12, wbbel wenigstens eine Arbeitselektrode und wenigstens eine
Gegenelektrode wenigstens ein einander gegentberliegendes Elektrodenpaarbllden wobei gegebenenfalls jedes
Paar auf einen speaﬂschen Analyten anspricht.

Sensor nach Anspruch 13, wobei die Arbeitselektrode und die Gegenelektrode durch einen Abstand von nicht
mehr als etwa 0,2 mm, oder mcht mehr als etwa 0,1 mm, oder nicht mehr als etwa 0,05 mm voneinander getrennt
sind. )

Sensor nach Anspruch 13, wobei wenigstens ein Paar sich gegeniiberliegender Elektroden eine Arbeitselektrode
umfaBt, die ein nicht auslaugbares Enzym und einen Redoxmediator aufweist, und worin wenigstens ein anderes
Paar von sich gegeniiberliegenden Elektroden eine Arbeitselektrode umfaBt, die einen nicht auslaugbaren Re-
doxmediator in Abwesenheit des Enzyms enthalt.

Sensor nach Anspruch 15, der auBerdem ein drittes Elektrodenpaar (46) aufweist bei dem auf der Arbeltselektrode
kein Redoxmediator oder Enzym vorhanden ist.

Serisor nach |rgendelnem der Anspriiche 1 bis 16, wobei die Arbeitselektrode einen ersten Armi (122) und die
Gegenelektrode einen zweiten Am (124) aufwelsen, wobei ein Teil des ersten Arms einen Abschnitt des zweiten
Arms uberlappt wobei die MeBzone oder die Probenkammer einen Bererch (21) zmschen den ubenappenden

. Abschnitten des ersten Ams-und des zweiten Arms umfassen.

18.

‘19.

20.

21.

Sensor nach Anspruch 17, wobel der erste Arm eine Extraldnge aufweist und der Uberlappende Abschnitt des
ersten Arms eine Breite aufweist, wobei ein Verhéltnis der Extral@nge des ersten Amms zu der Breite des berlap-
penden Abschnitts des ersten Arms im Bereich von 0,1: 1zu 501 vorzugswelse von 1:1 bis 15 1 und besonders
bevorzugt von 4:1 bis 10:1 betrégt. i

Sensor nach Anspruch 18, wobei die ersten und zweiten Arme sich unter einem kael von mehr als 0 Grad
uberschnelden

Sensor nach irgendeinem der Anspriiche 1 bis 19, wobei das Sorbensmaterial ein pulverférmiges Material umfaBt,
das auf der Arbeitselektrode angeordnet ist. :

Sensor nach Anspruch 13, wobei das wenigstens eine Paar sich gegeniiberliegender Elektroden ein Basismaterial
(102) mit einer Ausnehmung (104) umfaft und wemgstens eine von der Arbeltselektrode und der Gegenelektrode
in der Ausnehmung angeordnet ist.

. Sensor nach irgendeinem der Anspriiche 1 bis 21, der auBerdem ein Fillstoffmaterial aufweist, vorzugsweise ein

hydrophiles Fiillstofimaterial, wobei das Fallstoffmaterial in der Mef3zone oder in der Probenkammer angeordnet
ist, um ein Volumen der Mef3zone oder der Probenkammer zu verringem, das fir die Probe zur Verfligung steht.
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Sensor nach den Anspriichen 1 bis 22, wobei der Sensor in einer Pufierlésung, die 10 mM Glucose enthalt, ein
Signal erzeugt, das wenigstens 9 mal groBer ist als ein Signal, das in einer Pufferidsung ohne Glucose erzeugt wird.

Verfahren zur Bestimmung einer Konzentration eines Analyten in einer Probe, das das Inkontaktbringen der Probe
mit dem elektrochemischen Sensor nach irgendeinem der Anspriiche 1 bis 23 und die Bestimmung der Konzen-
tration des Analyten in der Probe mittels Coulometrie umfaBt.

Verfahren nach Anspruch 24, wobei die Stufe des Inkontakibringens dadurch durchgefiihrt wird, daB man die’

Probe mitdem Sorbensmaterial in Kop}g\kt bringt, um die Probe in die Probenkammer oder MeBzone einzusaugen.
Verfahren néch Anspruch 24, wobei die Probenkammer durch Kapillarwirkung gefiilit wird.
Verfahren nach Anspruch 24, wobei der Schritt der Bestimmung der Konzentration des Analyten umfaBt:

Elektrolysieren von wenigstens 90% des. Analyten, der in einer MeBzone vorhanden ist, dadurch, daB man
ein Potential zwischen der Arbeits- und der Gegenelektrode anlegt, und zwar vorzugsweise in weniger als
etwa 5 Minuten, und stérker bevorzugt in weniger als etwa 1 Minute; .
Bestimmen einer elektrischen Ladung, die zur Elektrolyse des Analyten gebraucht wird; und

Korrelieren der elektrischen Ladung mit der Konzentration des Analyten in der Probe,

wobei die Bestimmungsstufe gegebenenfalls mit den folgenden Stufen durchgefiihrt wird:

Messen eines Stroms, der an der Arbeitselektrode erzeugt wird, zu zwei oder mehr Zeitpunkten, wahrend der

Analyt elektrolysiert wird; und

Integrieren der gemessenen Strome liber die Zeit, um die elekirische Ladung zu erhatten, die fir die Elektrolyse
" . 'des Analyten gebraucht wird.

die Schntte umfaft:

Elektrolysieren eines Tells eines Analyten dadurch, da8 man ein Potential an die Arbeitselektrode und Ge-
genelektrode anlegt;
Messen eines Stroms der an der Arbeltselektrode erzeugt wird, zu zwei oder mehr Zertpunkten wihrend der
Elektrolyse;

" Extrapolieren einer Stromkurve auf der Basis der gemessenen Strome;
Integrieren der Stromkurve Giber die Zeit, um eine elektrische Ladung zu erhalten, die erfordemch ist, um
wenigstens 90% des Analyten zu elektrolysieren; und

. Korrelieren der elektrischen Ladung mit der Konzentration des Analyten in der Probe

Verfahren nach Anspruch 24, wobel der elektrochemische Sensor erste und zweite Elektrodenpaare aufweist,

- wobei jedes' Paar eine Arbeitselektrode umfaBt, wobei das erste der Elektrodenpaare einen nicht auslaugbaren

Redoxmediator und ein nicht auslaugbares Enzym auf der Arbeitselektrode aufwelst, und wobei das zweite der
Elektrodenpaare einen nicht auslaugbaren Redoxmediator in Abwesenhelt von Enzym auf der Arbeitselektrode

" aufweist.

Verfahren nach Anspruch 29, wobei die Stufe der Bestimmung der Konzentration des Analyten die Schritte umfaBt:

im wesentlichen gleichzeitig, und zu zwei oder mehr Zeitpunkten, Messen eines ersten Stroms, der an dem

‘ersten Elektrodenpaar erzeugt wurd sowie eines zweiten Stroms, der an dem zweiten Elektrodenpaar erzeugt
" wird; . -

integrieren der gemessenen ersten Strdme Gber die Zeit, um eine erste Ladung zu erhalten;

Integrieren der gemessenen zweiten Stréme Gber die Zeit, um eine zweite Ladung zu erhalten;

Abziehen der zweiten Ladung von der ersten Ladung, um eine rauschverminderte Ladung zu erhalten; und

Korrelieren der Konzentration des Analyten mit der rauschverminderten Ladung.

Verfahren nach Anspruch 24, wobei das Verfahren, vor den Stufen des Inkontaktbnngens und Bestimmens, die
weiteren Stufen umfaBt:
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Bereltstellen des elekirochemlschen Sensors nach irgendeinem der Anspriche 1 bis 25, wobei der Sensor
eines oder mehrere Paare von sich gegeniiberliegenden Elektroden aufweist, wobei jedes Elektrodenpaar
eine Arbeitselektrode, eine Gegenelektrode und eine MeBzone zwischen der Arbeitselektrode und der Ge-
genelektrode aufweist,

. Messen einer Kapazitanz von wenigstens einem der Elektrodenpaare; und

Errechnen des Volumens der MeBzone aus der Kapazitanzmessung.

32. Verfahren nach Anspruch 24, wobei der Sensor einen Redoxmediator auf der Arbeitselektrode aufweist, und wobei

die molare Menge des Redoxmediators in einer reduzierten Form vor der Einfiihrung der Probe geringer ist als,

* auf stdchiometrischer Basis, 5% der erwarteten molaren Menge des Analyten, der elektrolysiert werden soll, und

33.

woben die Stufe der Bestimmung der Konzentration des Analyten urnfaBt

EIektronsreren von weniger als etwa 1 ul der Probe

Verfahren nach Anspruch 32, wobei der Sensor wenigstens zwei Arbeitselektroden aufweist, wobei jede Arbeits-
elektrode eine zugeordnete MeBzone aufweist, und wobei die Stufe der Bestimmung der Konzentration des Ana-
lyten das Mitteln von Messungen von den wenigstens zwei Arbeltselektroden umfaft, und gegegebenfalls auBer-
dem die Eliminierung von Messungen umfaBt, die einen Schwellenwert Gberschreiten, und gegebenenfalls auBer-
dem das erneute Mitteln der Messungen ohne die eliminierten Messungen.

34. Ein AnalytenmeBsystem, das umfaft:

eine Probengewmnungselnnchtung, vorzugsweise ein Tell (54) zum Anstechen der Haut, wie berspielswelse
eine Lanzette, um eine Patientenprobe zu erzeugen;
den elektrochemischen Sensor nach irgendeinem der Anspriiche 1 bis 23; und

.gegebenenfalls eine Transporteinrichtung, wie beispielsweise ein saugendes Material, eine Kaplllarkammer,

ein Sorbensmaterial oder eine Pumpe, um die Probe, die durch die Probengewinnungseinrichtung erzeugt
wurde, in die Probenkammer oder die Mef3zone zu transportieren.

35. System nach Anspruch 34, wobei die Einrichtung zum Anstechen der Haut ein Teil des Sensors ist.

36. Verfahren zur Mess'u'ng eines Analyten in einer Patlentenprobe, wobei das Verfahren umfaBt:

Inkoritaklbringen des Patienten mit einem AnalytenmeBsystem, wobei das System umfaBt:

eine Probengewinnungseinrichtung zur Erzeugung einer Patlentenprobe und
. den elektrochemischen Sensor nach irgendeinem der Anspmche 1 bis 23, um den Analyten in der Probe
Zu messen,

" Gewinnen einer Probe unter Verwendung der Probengewinnungseinrichtung;

Transportieren eines Teils der Probe zu der MeBzone oder der Probenkammer des elektrochemischen Sen-
sors, wobei-die Stufe des Transportierens gegebenenfalls das Einsaugen der Probe in die MeBzone oder die
Probenkammer unter Verwendung des Sorbensmalerials umfaf3t; und

Bestimmen der Konzentration des Analyten in der Probe durch Coulometrie.

37. Verfahren nach Anspruch 36, wobei die Probengewinnungseinrichtung ein Teil des Sensaors ist.

38. Verfahren nach den Anspriichen 36 oder 37, wobei die Probengewinnungseinfichtung ein ‘Element zum Anstechen

der Haut, wie beispielsweise eine Lanzette umfaBt, und der Schiritt der Gewinnung einer Probe das Anstechen
der Haut des Patienten an einem Ont, der nicht ein Finger des Patienten ist, umfafit, um eine Probe zu erzeugen.

39. Verfahren zur Bestimmung einer Konzentratnon eines Analyten in einer Probe wobei das Verfahren die Schntte

umfafBt:

Verbinden der Elektroden eines elektrochemischen Sensors, der eine Arbeitselekirode, eine Gegenelekirode
und eine Probenkammer aufweist, um die Probe in einem elektrolytischen Kontakt mit der Arbeitselektrode
und der Gegenelektrode zu halten, mit der externen Elektronik einer MeBvorrichtung;

Inkontaktbringen der Probe mit dem Sensor;
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Halten der Probe in einer strémungsfreien Weise innerhalb der Probenkammer; )
Anlegen eines Potentials zwischen der Arbeits- und der Gegenelektrode, um den Analyten in einem Teil der
Probe innerhalb der Probenkammer zu elektrolysieren, wobei der Teil der Probe, in der der Analyt elektrolysiert
wird, ein Volumen von weniger als 1 pl aufweist;

Messen des Stroms, der durch den elektrochemischen Sensor erzeugt wird, zu einer Vielzahl von Zeitpunkten,
wahrend der Analyt in dem Teil der Probe elektrolysiert wird; und

Bestimmen, durch Coulometrie, einer Konzentration des Analyten in der Probe, unter Verwendung der ge-
messenen Strome.

. Sensor nach Anspruch 7, wobei der Sensor auBerdem ein zweites Elektroneniibertragungsmittel aufweist, wie

beispielsweise ein Enzym, das auf dem Trager aufgetragen ist und mit dem Redoxmediator in Kontakt ist, wobei
das zweite Elektronentibertragungsmittel gegebenenfalls auf dem Trager immobilisiert ist.

Verfahren zur Beslimmung einer Konzentration eines Analyten in einer Probe, das die Schritte umfaft:
Inkontaklbnngen der Probe mit dem Sensor nach Anspruch 7 oder Anspruch 40, und
Korrelieren der Konzentration des Analyten in der Probe mit einer Veranderung des Ox;dationszustands des

Redoxmedlators in Gegenwart von Analyten.

Verfahren nach Anspruch 41, wobei der Sensor einen optlschen Sensor umfaBt, und die Stufe des Korrelierens

- der Konzentration des Analyten umfaft:

45,

47.

49,

Bestrahlen des Redoxmediators mit Licht;
Messen der Reaktion des Redoxmediators auf die Bestrahlung mit Licht; und
Korrelieren der Konzentration des Analyten mit der gemessenen Antwort des Redoxmediators.

. Verfahren nach Anspruch 42, wobei die Stufe der Messung der Antwort des Redoxmediators auf die Bestrahlung

mit Licht das Messen der Absorption oder des Transmissionsgrads des eingestrahlten Lichts durch den Redox-

‘mediator umfaBt.

. Verfahren nach Ansprruch 42, wobei der Schritt der Messung der Antwort des Redoxmediators huf Bestrahlung

mit Licht das Messen der Fluoreszenz des Redoxmediators nach der Bestrahlung mit Licht, oder die Messung der
Reflektion von Licht durch den Redoxmediator umfaBt.

Verfahren nach Anspruch 41, wobei der Sensor einen elektrochemlschen Sensor umfaBt, und der Schntt der Kor-
relation der Konzentration des Analyten umfaBt:

Aniegen eines elekirischen Potentials an den Redoxmediator;
Messen eines Stroms in einem oder mehreren Intervallen, wobei der Strom als Reaktion auf die Elektrolyse
des Redoxmediators in Gegenwart des Analyten erzeugt wird; und :

_ Korrelieren der Konzentration des Analyten mit dem gemessenen Strom.

. Verfahren nach Anspruch 41, wobei der Redoxmediator einen Ubergangsmetallkomblex umfaf3t, wie beispiels-

weise einen Osmiumkomplex, und vorzugsweise Osmium, das mit wenigstens einem Liganden mit einem stick-

stoffhaltigen Heterocyclus komplexiert ist, wie beispielsweise mit 2,2'-Bipyridin, 1,10-Phenanthrolin oder einem’

Derivat davon, vorzugsweise einem Mono-, Di- oder Polyalkoxyderivat von 2,2'-Bipyridin oder 1,10-Phenanthrolin,
und noch stérker bevorzugt mit 4,4'-Dialkoxy-2,2'- -bipyridin oder 4,7-Dialkoxy-1,10- -phenanthrolin, wobei das Ver-

hiltnis von Kohlenstoff zu Sauerstoff der funktionalen Alkoxygruppen ausreicht, um die Léslichkeit des Ubergangs-

metaHkomplexes in Wasser vor dem Vernetzen zu gewahrlelsten

Verfahren nach Anspruch 46, wobel der stickstoffhaltige Heterocyc|us 4,4'-Dimethoxy-2,2"-bipyridin oder 4,7-Di-
methoxy-1, 10-phenanthrolm umfaBt.

. Verfahren nach Anspruch 46, wobei der Osmlumkomplex mit einem polymeren Liganden komplexiertes Osmlum

umfaft, wobei der polymere Ligand einen stickstoffhaltigen Heterocyclus umfaBt.

Verfahren nach Anspruch 48, wobei das Polymer Poly(4-vinylpyridin) oder Poly(1-vinylimidazolin) umfaBt.
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51.

52.

53.
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Verfahren nach Anspruch 49, wobei der Redoxmediator Os [4,4'-Dimethoxy-2,2' blpyndm]z,Cl’*”'2 oder Os[4 7-Di-
methoxy-1,10- phenanthrolln]ZCW*2 komplexiert mit Poly(1-vinylimidazol) umfaft.

Sensor nach Anspruch 7, wobei ein Teil des luftoxidierbaren Redoxmediators oxidiert wird, wenn der analytische

Sensor in einer Atmosphare verpackt wird, die molekularen Sauerstoff enthat,

Verfahren nach Anspruch 50, wobei sich mehr als 0% des Hedoxmednators nach einer Lagerung fiir mehr als
einen Monat in einem oxidierten Zustand befinden.

AnalytenmeBsystem, das umfaBt:
a. einen Sensor nach einem der Anspriche 1-23, 40 und 51; und

" b. ein Coulometer, das funktioneli mit dem Sensor verbunden ist und so ausgelegt ist, dass es dle kumulative
elektrische Ladung mif3t, die durch den Sensor fiief3t.

Revendications

1.

.

Détecteur électrochimique pour déterminer la concentration d'un analyte dans un échantillon, le détecteur
comprenant :

au moins une électrode de travail (22) ;

au moins une électrode auxiliaire (24) ; .
lesquelles électrodes en utilisation, sont raccordées a {'électronique exteme d'un instrument de mesure ;
au moins une chambre a échantillon (26), dans lequel ladite chambre & échantillon est’

() une chambre & échantillon pour maintenir Péchantillon en contact électrotytique avec I'électrode de
travail et dimensionnée pour contenir un maximum de 1 pl d'échantillon environ, ou

(ii) une chambre & échantillon comprenant au moins une zone de mesure, dimensionnée pour contenir
un maximum de 1 pl d'échantillon environ, dans laquelie la zone de mesure est limitée sur au moins deux
cbtés par l'électrode de travail et I'électrode auxiliaire ;

ledit détecteur contenant un médiateur d'oxydoréduction non lixiviable sur I'électrode de travalil ; et
ledit détecteur contenant facultativement un sorbant (34) disposé au moins partiellement & Pintérieur de la
chambre & échantillon ou au moins partiellement & l'intérieur de la zone de mesure. .

- Détecteur selon la revendication 1, dans lequel Pélectrode de travail et I'électrode auxiliaire sont composées de

métal ou de carbone ; et le détecteur comprend le médiateur d'oxydoréduction non lixiviable sur I électrode de
travall

Détecteur selon la revendication 2, dans lequel le détecteur comprend en outre un second agent de transfert
électronique, de préférence une enzyme telle que la glucose oxydase, sur I'électrode de travail, dans lequel le
second agent de transfert est facunatlvement immobilisé sur I'électrode de travall et/ou est facultatxvement non
lixiviable.

Détecteur selon la revendication 1, dané‘leque’l Pélectrode de travail et Pélectrode auxiliaire sont composées de
métal ou de carbone, et le détecteur comprend un sorbant disposé au moins partiellement & I'lnténeur de la cham-
bre & échantillon ou au moms partiellement & I'lnteneur de la zone de mesure.

Détecteur selon 'une quelconque des revendications 1 & 4 dans lequel la chambre & échantillon, ou la zone de
mesure, est dimensionnée pour contenir un maximum de 0,5 ul environ, de préférence un maximum de 0,2 pl
environ, de préférence un maximum de 0,1 pl environ d'échantillon,

Détecteur selon Pune quelconque des revendications 1 & 5, dans lequel Ie médlateur d'oxydoréduction est immo-
bilisé sur 'électrode de trava||

Détecteur sefon l'une quelcongue des revendications 1 & 6, dans lequel le médiateur d'oxydoréduction est un
médiateur d'oxydoréduction oxydable a I'air, avec de préférence au moins 90 % du médiateur d'oxydoréduction
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oxydable & l'air & ['état oxydé avant l'introduction de I'échantiilon.

Détecteur selon f'une quelconque des revendications 1 & 7, dans lequel le médiateur d'oxydoréduction comprend
un complexe métallique de transition, tel qu'un complexe d'osmium, de ruthénium, de fer ou de cobali, et de
préférence un complexe d'osmium avec au moins un ligand ayant un composé hétérocyclique azoté, tel que la
bipyridine-2,2', le diméthyl-4,4'bipyridine-2,2", le dialkoxy-4,4' bipyridine-2,2", la phénanthrotine-1,10, le diméthyl-
4,7 phénanthroline-1,10, le diatkoxy-4,7 phénanthroline-1,10, ou les dérivés de ceux-ci.

Détecteur selon fa revendication 8, dans lequel le ligand ayant un composé hétérocyclique azoté comprend de la
bipyridine-2,2', de la phénanthroline-1,10, ou un dérivé de celles-ci, tel qu'tn dérivé mono-, di- ou polyalkolxy de
la bipyridine-2,2* ou de ta phénanthroline-1,10, dans lequel le rapport carbone sur oxygéne des groupements
fonctionnels alkoxy est suffisant pour conserver la solubilité du complexe métallique de transition dans l'eau avant

la rétlculatlon

10.

1.

12,

13.

14.

15.

16.

17..

18.

19.

20.

21.

Déteéteurselon la revendication 8 ou 9, dans lequel le rapport carbone sur oxygéne des groupements fonctionnels
alkoxy est suffisant pourconserverla solubilité du complexe métallique de transition dans I'eau avant la réticulation.

Détecteur selon l'une quelconque des revendications 1 a 10, dans lequel le sorbant a un volume mort de 5 % & -
50 % gnviron, de préférence de 10 % & 25 % environ du volume total du sorbant.

Détecteur selon 'une quelconque des revendications 1 & 11, dans lequel le détecteur comprend en outre une ou

plusieurs électrodes de travail supplémentaires.

Détecteur selon l'une quelconque des revendications 1 & 12, dans leqhel au moins une électrode de travail et au
moins une électrode auxiliaire forment au moins une paire d'électrodes en regard dans |equel facultativement
chaque paire réagit a un analyte spécifique.

Détecteur selon la revendication 13, dans lequel la distance séparant I'électrode de travall del électrode auxiliaire
n‘excéde pas 0.2 mm environ, ou 0,1 mm environ, ou 0, 05 mm environ. -

Détecteur selon la revendication 13, dans quuel au moins une paire d'électrodes en regard est composée d'une
électrode de travall comprenant un médiateur d'oxydoréduction et une enzyme non lixiviables, et dans lequel au
moins une autre paire d'électrodes en regard est composée d'une électrode de travail comprenant un médiateur
d'oxydoréduction non lixiviable en I'absence de I'enzyme.

Détecteurselon ia revendication 15, comprenant en outre une troisigme palre d'électrodes (46) n ayant nimédiateur
d'oxydoréductuon ni enzyme sur I'électrode de travail.

Détecteurselon l'une quelconque des revendications 1 a 16, dans lequel " électrode de travail comprend un premler
bras (122) et Pélectrode auxiliaire comprend un second bras (124), une partie du premier bras chevauchant une
partie du second bras, dans lequel la zone de mesure, ou la chambre a échantlllon comprend une région (21)
entre les pames chevauchantes du premier et du second bras. -

Détecteur selon la revendication 17, dans quuel le premier bras a une longueur supplémentaire et la partie che-
vauchante du premier bras a une largeur, dans lequel le rapport de la longueur supplémentaire du premier bras
sur la largeur de la partie chevauchante du premier bras varie de 0,1/1.4 50/1, de préférence de 1/1 2 15/1, et de
manigre préférée entre toutes de 4/1 a4 10/1.

Détecteur selon la revendication 18, dans lequel le premier et le second bras se coupent & un angle supérieur &
0 degré.

Détecteur selon Tune quelconque des revendications 1 & 19, dans lequel le sorbant comporte un matériau en
poudre disposé sur Pélectrode de travail. :

Détecteur selon la revendication 13, dans lequel ladite paire d'électrodes en regard comprend un matériau de

base (102) ayant une encoche (104) et au moins une de Pélectrode de travail et de I'électrode auxiliaire disposée
dans 'encoche.
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Détecteur selon f'une quelconque des revendications 1 & 21, comprenant en outre un matériau de remplissage,-

de préférence un matériau de remplissage hydrophile, dans lequel le matériau de remplissage est disposé dans
la zone de mesure ou dans la chambre a échantillon, pour réduire un volume de la zone de mesure ou de la

~ chambre & échantillon disponible pour I'échantillon.

23,

24.

25.

26.

27.

28,

Détecteur selon 'une quelconque des revendications 1 4 22, dans lequel e détecteur produit un signal dans une
solution tampon contenant 10 mM de glucose qui est au moins 9 fois plus fort qu'un signal produit dans une solution
tampon sans glucose.

Procédé pour déterminer une concentration d'un analyte dans un échantillon, comportant la mise en contact de
I'échantillon avec le détecteur électrochimique selon l'une quelconque des revendications 1 & 23, et la determlna-
tion de la concentration de I'analyte dans I'échantillon par coulométne

Procédé selon la revendlcatlon 24, dans lequel I'étape de mise en contact est réallsee en mettant en contact
I'échantillon avec le sorbant pour introduire par effet de méche I'échantifion dans la chambre  échantillon ou dans
la zone de mesure.

Procédé selon la revendication 24, dans quuel la chambre a échantillon se remplit par capiilarité.

Procédé selon la revendication 24, dans lequel I'étape de détermmation de la concentratron de l'analyte comporte
les phases suivantes :

¢lectrolyse d'au moins 90 % de l'analyte présent dans la zone de mesure par application d'un potentiel a
travers I'électrode de travalil et I'¢lectrode auxiliaire, de préférence en moins de 5 minutes environ, et de ma-
niére préférée entre toutes en moins de 1 minute environ ;

détermination d'une charge électrique utilisée pour électrolyser I'analyte ;

‘et corrélation entre la charge électrique et la concentration de I'analyte dans I'échantillon ; -

dans lequel I'étape de détemmination est facultativement réalisée selon les phases suivantes :

mesure d'un courant généré au niveau de I'électrode de travail 4 deux instants ou plus pendant félectrolyse
de fanalyte ;

intégration dans le temps des courants mesurés pour obtenir lacharge électrique utilisée pour electrolyser
lanalyte.

Procédé selon la revendication 24, dans lequel ['étape de détermination de la concentratlon de I'analyte par cou-
lométrie comporte les phases suivantes : . - :

eélectrolyse d'une partie de 'analyte par appllcatlon d'un potentiel & travers I'électrode de travail et l'électrode
auxiliaire ;

mesure d'un courant généré au niveau de Iélectrode de travail & deux Instants ou plus pendant I'électrolyse
extrapolation d'une courbe de courant basée sur les courants mesurés ;

intégration dans le temps de la courbe de courant pour obtenir une charge électnque nécessaire pour.élec-
trolyser au moins 90 % de l'analyte ;

et corrélation entre la charge électrique et la concentration de l'analyte dans I'échantillon.

29. Procédé selon la revendication 24, dans lequel le détecteur électrochimique est compdsé d'une premiére et d'une

30.

seconde paire d'électrodes, chaque paire comportant une électrode de travail, dans leque! ladite premigre paire
d'électrode comprend un médiateur d'oxydoréduction non lixiviable et une enzyme non lixiviable sur I'électrode de
travail, et dans lequel ladite seconde paire d'électrode comprend un médiateur d'oxydoreductlon nen lixiviable en
l'absence d'enzyme.

Procédé selon la revendication 29, dans lequel I'é’tape de détermination de la concentration de l'analyte comporte
les phases suivantes :

mesure pratiquement simultanée, et & deux instants ou plus, d'un premier courant généré au niveau de la
premigre paire d'électrodes et d'un second courant généré au niveau de la seconde paire d’électrodes ;
intégration dans le temps des premiers courants mesurés pour obtenir une seconde charge ;

soustraction de la seconde charge de la premigre charge pour obtenir une charge a bruit réduit;
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36.

37.

38.

39.
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et corrélation entre la concentration de l'analyte et la charge & bruit réduit.

Procédé selonla revendication 24, le procédé comportant, avant les étapes de mise en contact et de détermination,
les autres phases suivantes :

fourniture du détecteur électrochimique selon Fune quelconque des revendications 1 & 23, dans lequel le
détecteur a une ou plusieurs paires d'électrodes en regard, chaque paire d'élecirodes étant composée d'une
électrode de travail, d'une électrode auxiliaire et d'une zone de mesure entre 'électrode de travail et Félectrode
auxiliaire ;

mesure d'une capacité d'au moins une des paires d'électrodes ;

et calcul du volume de la zone de mesure & partir de la mesure de capacité.

Procédé selon la revendication 24, dans lequel le détecteur comprend un médiateur d'oxydoréduction sur I'élec-
trode de travail, et la quantité molaire de médiateur d‘oxydoréduction sous forme réduite avant Fintroduction de
I'échantillon est inférieure, sur une base stoechiométrique, & 5 % de la quantité molaire théorique de l'analyte a
électrolyser ; et dans lequel I'étape de détermination de la concentration de I'analyte comporte :

électrolyse de moins d'1 ul d'échantillon.

. Procédé selon la revendication 32, dans lequel le détecteur comprend au moiné deux électrodes de travail, chaque

¢électrode de travail ayant une zone de mesure associée, et dans lequel 'étape de détermination de la concentration
de l'analyte comporte le calcul de la moyenne des mesures réalisées sur lesdites électrodes de travail, et facul-
tativement comporte en outre I'élimination des mesures excédant une valeur-seuil, et facultativement comporte
en outre le recalcul de fa moyenne des mesures sans les mesures éliminées.

Dispositif de mesure d'analyte comprenant :

moyen d'acquisition d'echantlllons de préférence un membre pour inciser Ia peau (54), tel-qu'une lancette,
pour produire un échantillon d'un patient ; :

le détecteur électrochimique selon l'une quelconque des revendlcallons 1a23;

etfacultativement un moyen de transport, tel un matériau & effet de méche, une chambre capiilaire, un sorbant
ou une pompe, pour transporter 'échantillon produrt par le moyen d'acqmsmon d échantlllons vers la chambre
a échanmlon ou vers la zone de mesure. : :

Procédé pour mesurer I'analyte dans un échantillon de patlent le procédé comprenant :
mise en contact du patient avec le dispositif de mesure d'analyte, le dispositif comprenant:

un moyen d'acquisition d'échantilion pour produire un échantillon de patient ;

et le détecteur électrochimique selon F'une quelconque des revendications 1 & 23, pour mesurer I'analyte
dans I'échantillon ;

acquisition d'un échantillon avec le moyen d’acquisition d’échantlllon

transport d'une partie de I'échantillon vers la zone de mesure ou la chambre a échantillon du détecteur
électrochimique, dans lequel I'étape de transport comprend facultativernent l'introduction par effet de me-
che de I'échantillon dans la zone de mesure ou dans la chambre & échantillon 4 I'aide du sorbant ;

et fa détermination de la concentration de l'analyte dans I'échantilion par coulométrie.

Procédé selon la revendication 36, dans lequel le moyen d'acquisition d'échantillon fait partie intégrante du dé-
tecteur.

Procédé selon les revendications 36 et 37, dans lequel le moyen d'acquisition d'échantillon comprend un membre
pour inciser la peau, tel une lancette, et P'étape d'acquisition d’échantilion comporte lincision de la peau du patient
& un endroit autre que le doigt pour produire un échantillon.

Procédé pour déterminer une concentraﬁon d'un analyte dans un échantillon, le procédé comportant les étapes
suivantes :
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. raccordement des électrodes d'un détecteur électrochimique composé d'une électrode de travail, d'une élec-
trode auxiliaire, et d'une chambre & échantillon pour maintenir I'échantillon en contact électrolytique avec
I'électrode de travail et 'électrode auxiliaire, & I'électronique externe d'un appareil de mesure ;
mise en contact de I'échantilion et du détecteur ;
maintien de I'échantillon & lintérieur de la chambre & &chantillon sans circulation ;
application d'un potentiel entre 'électrode de travail et I'électrode auxiliaire pour électrolyser I'analyte dans
une partie de 'échantillon & lintérieur de la chambre & échantilion, dans laquelle la partie de I' echantrllon dans
lequel I'analyte est électrolysé a un volume inférieur & 1 pl ;
mesure du courant généré par le détecteur électrochimique & plusieurs instants pendant que l'analyte dans
la partie de I'échantillon est électrolysé ;
et détermination par coulométrie d'une concentration de 'analyte dans I échantillon a l'aide des courants me-
surés,

8 Détecteur selon la revendication 7, dans quuel le détecteur comprend en outre un second agent de transfert

electromque tel qu'une enzyme, endutt sur le support et en contact avec le médiateur d'oxydoréduction, dans
lequel le second agent de transfert électronique est facultativement immobilisé sur le support.

Procedé pour déterminer une concentration d'un analyte dans un échantilion, comportant les étapes suivantes :

mise en contact de I'échantillon avec le détecteur selon la revendication 7 ou ta revendication’ 40;
et corrélation entre la concentration de lanalyte dans I'échantilion et un changement d'état d'oxydatlon du
medlateur d'oxydoréduction en présence d'analyte.

Procédé selon la revendlcatlon 41, dans lequel le détecteur comprend un détecteuropthue etl'étape de corrélation
de la concentration de I'analyte comporte :

irradiation du médiateur d'oxydoréduction avec de la lumiére ;
mesure de la réponse du médiateur d'oxydoréduction & l'irradiation par la lumigre ;
et corrélation entre ta concentration de I'analyte et la réponse mesurée du médiateur d'oxydoréduction.

Procédé selon la revendication 42, dans lequel I'étape de mesure de la réponse du médlateur d'oxydoréduction
a lirradiation par la lumiére comporte la mesure de I'absorption, ou la transmittance, de fa lumiére madlee parle
médiateur d'oxydoréduction. :

. Procédé selon la revendication 42, dans lequel I'étape de mesure de la réponse du médiateur d'oxydoréduction

a lrradiation par la lumigre comporte la mesure de la fluorescence du médiateur d'oxydation- réduction aprés
irradiation par la lumiére, ou la mesure de la réflexion de la lumlére par le médiateur d'oxydoréduction.

Procédé selon la revendlcatlon 41, dans lequel le détecteur comprenant un détecteur electrochsmlque et I'étape
de corrélation de la concentration de Ianalyte comporte
’
appllcatron d'un potentiel électrique & travers le médiateur d'oxydoréduction ;
mesure d'un courant & un ou plusieurs intervalles, le courant étant généré en réponse a I'électrolyse du mé-
diateur d'oxydoréduction en présence de l'analyte ;
et corrélation entre la concentration de I'analyte et le courant mesuré.

- Procédé selon la revendication 41, dans lequel le médiateur d'oxydoréduction comprend un complexe métaliique
(de transition, tel qu'un complexe d'osmium, et de préférence a complexe d'osmium avec au moins un ligand ayant
un composé hétérocyclique azoté, tel que la bipyridine-2,2", la phénanthroline-1,10, ou un dérivé de celles-ci, de’

préférence un dérivé mono-, di- ou polyalkolxy de la bipyridine-2,2' ou de la phénanthroline-1 ,10, et de maniére
préférée entre toutes comprend du dialkoxy-4,4' bipyridine-2,2' ou du dialkoxy-4,7 phénanthroline-1,10, dans le-
quel le rapport carbone sur oxygéne des groupements fonctionnels alkoxy est suffisant pour conserver la solubilité
du complexe métallique de transition dans l'eau avant la réticulation.

Procédé selon la revendication 46, dans lequel le composé hétérocyclique azoté comprend du dlméthoxy-d 4'
bipyridine-2,2' ou du diméthoxy-4,7 phénanthroline-1,10. .

. Procédé selon la revendication 46, dans lequel le complexe d'osmium comprend de I'osmium en complexe avec
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un ligjénd polymérique, dans lequel le ligand polymérique comprend un composé hétérocyclique azoté.

Procédé selon la revendication 48, dans lequel le polymére comprend du poly(vinyle pyridine-4) ou du poly(vinyle
imidazole-1).

Procédé selon la revendication 49, dans lequel le médiateur d'oxydoréduction comprend de 'Os(diméthoxy-4,4'
bipyridine-2,2),C**2 ou de 'Os(diméthoxy-4,7 phénanthroline-1 ,10),CI*+2 en complexe avec du poly(vinyle imi-

dazole-1).

Dstecteur selon la revendication 7, dans lequel une partie du médiateur d'oxydoréduction oxydable a Pair est
oxydée au moment de 'embatlage du détecteur analytique dans une atmosphére contenant de Foxygéne molé-
culaire.

Procédé selon la revendication 50, dans lequsl plus de 90 % du médiateur d'oxydoréduction est a f'état oxydé

aprés une période de stockage supérieure & un mois.

Dispositif de mesure d‘énalyte comprenant :
un détecteur selon f'une quelconque des revendications 1 & 23; 40 et 51;

et un coulombmétre fonctionnellement raccordé au détecteur et configuré pour mesurer la charge électrlque
cumulée circulant dans le détecteur. . -
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